CHAPTER 1

INTRODUCTION

Immobilized Reagents

The use of immobilized reagents has recently become
very important in analytical chemistry as well as other
disciplines The main reason i1mmobilized reagents have
become so popular 1s because when a chemical species _s
immobilized 1t 1s 1ncorporated in a separate solid phase and
can easi1ly be removed from the liquid or gas phase 1t 1s
used with Immobilization can also change the
characteristics of the immobilized species relative to the
corresponding non-immobilized species (such as stability,
kinetics and equilibrium coefficients) Finally, the fact
tnat the species 1s i1mmobilized means that a reagent v __._
remalin stationary under very extreme dynamic conditions as
in continuous-flow analysis and chromatography

There are three main ways 1n which chemical species car
be i1immobilized They can be physically entrapped 1in a
framework This procedure regqu.res that the i1mmobil.zea
species be large enough that a molecular framework can
surround the species Also, any other species that 1s to be
in contact with the i1mmobilized species, for reaction or

aasorption, must have molecules small enough so that they



may pass through the entrappping framework and contact the
reagent Size of the molecule 1s not a critical factor if
the species 1s physically adsorbed on a solid support The
adsorbed molecule 1s free to interact with any other species
in solution However, because the species has only been
adsorbed 1t can, under the right circumstances, also be
desorbed and the efficiency of the support be either
decreased or eliminated The aisadvantages of both methods
can be greatly decreased by chemically bonding a chemical
species to a solid support. There 1s no size requirement of
either the i1mmobilized species or any species that might
interact with 1t Also, the energy of a chemical bond 1s
much greater than that of adsorption so the immobilization
1s less likely to be reversed under operating conditions
Many different solid materials have been used as
supports, however, silica and other polymeric supports have
receilved preference The use of silica as a support has
several advantages over other polymers The immobilization
procedures for other polymers 1s somewhat more complex than
that for silica because they can require more extreme
conastions (1) Under certain circumstances polymers are
prore to swelling, and thus restricting flow when used 1in
continucus-flow analysis and chromatography, whereas silica
1s essentially unaffected by changes i1in solvent composition
Si1lica will show degradation only when the solution pd
exceeds 9-10 (13) Polymer supports may also have poor

mechanical stability, so silica 1s preferable when high



pressures are utilized (2) Finally, silica 1s commercially
available with many different surface areas, forms, and pore
sizes so there 1s a larger selection when a support 1s to be

chosen

Immobilization of Chemical Species

on Silica

All silica surfaces contain surface silanol groups
These functional groups, like all functional groups, undergo
a wide variety of reactions Their most widely used
reactior involved ir :n~ o__ization 1s the condensation with
an alkoxysilane compound to produce siloxane bonds to a wide
variety of such groups aliphatic and aromatic amines,
alcohols, crown ethers, carboxyl groups etc (3) A typical
reaction procedure 1s shown 1n Figure 1 Surface silanol
groups are shown reacting with (aminopropyl)triethoxysilane
to produce an i1mmobilized aliphatic amine The reactivity
of surface silanol grour- _c not limitec to silanes, for
example, phenylisocyanate can react directly with such
surface groups (4) The first species to react with the
silarol group can either form the firal product in which no
further reaction 1s needed to produce the aesired
immobilized reagent, or 1t car be reacted with additional
organic species to immobilize an even greater varlety of
functional groups The only limitations on the nature of
the organic reagent that 1s immobilized are that of the

current knowledge of organic synthesis and problems of
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Figure 1. Reaction Between Surface Silanol Groups
and Aminopropyltriethoxysilane



steric hi.ndrance

Uses of Immobilized Reagents

The use of chemically immobilized reagents has made 1its
way 1into a large number of disciplines Each method has
slightly different advantages when immobilized reagents are
used Several methods are briefly reviewed 1in this section
with respect to their use with i1mmobilized chemical species.

The use of a chemically bonded stat.onary phase has
become guite common 1n both gas and liquid chromatography
Chemically bonded phases are more thermall, stable and are
more stable toward solvents than are standard liquid phases.
Chemically bonded phases can also decrease the surface
activity of the silica support which decreases its
interaction with the mobile phase The appropiriate
tmmobilized stationary phase 1s often, simply, the bound
form of a non-immobilized stationary phase such as octadecyl
agaroups (5) Because the group 1s covalently bonded to the
support, much smaller molecules can also be used, for
example octyldimethyl or ethyldimethyl groups (6). The
immokbilized phase 1s not limited to nonpolar groups Amino,
cyano and phenyl groups have also been immobilizea (4)

Enzymes have also been extensively used as .mmobilized
reagents Enzymes can pbe usea for the analytical
determinatior of substrates that react at the enzyme to
produce specles that can more easily, or select.vely, be

aetected ana gquantified tnan the substrate .tself Chemica.



immobilization of an enzyme allows for simple separation of
enzyme and products and thus makes the methoa much more
economical because the enzyme can be reusea
Silica-immobilized enzymes are almost always produced using
the same procedure (7) An alkoxyaminopropylsilane 1s made
to react with the silica surface (the alkoxy group 1is
usually ethoxy, but sometimes the methoxy derivative 1is
used), this binds a reactive amino group at the surface

This group 1s then reacted with one of the aldehyde groups
of a glutaraldehyde molecule 1n a Schiff-base reaction An
aldehyde group 1s left whicr c«~ also react in a Schiff-base
manner with the terminal am_~» __-.p of a lysine residue of
an enzyme producing an immobilized enzyme 2 wide variety
of enzymes, such asg -galactecs_.czce, chymotrypsin (7),
penicillinase (51), and uricase (8), have been i1mmobilized
for analytical determinations Besides the fact that the
enzyme 1s reusaple, there 1s the acditional benefit that the
stability of the enzyme increases dramatically upon
immobilization (9)

Metal-chelating agents have also been usea extensively
as 1mmobilized reagents Perhaps the widest variety of
organic functicnal groups, of all immobilized species, 1S
used for the complexation oI metals to i1mmobilized chelatinc
agents Ethylenediamine, dithiocarbamate and
8-hydroxyquinoline are the most popular for use as
chemically i1immobilized species (10) However, the great

variety of organic chelating agerts that can be immobilized



introduces the possibility of tailoring immobilized
chelating agents for very specific purposes Immobilization
procedures for several chelating agents, such as phthalamic
acid, acetylacetone, and dibenzo-18-crown-6 have been
discussed (3) The organic molecules used for chelating
agents usually, but not always, contain either oxygen or
nitrogen i1in the functional groups. There are two main ways
in which i1mmobilized chelating agents have been used
Chelating agents have different affinities toward different
metal 1ons, unlike 1on exchange resins, which have a strong
affinity towara anry species with an opposite charge, this
can be exploited for metal 1on chromatography Immobilized
chelating agents can also be used for the preconcentration
of metals by introducing the i1mmobilized chelate to a large
volume of dilute metal solution and then releasing the
complexed metal 1into a small volume of acid solution where
1t can be more easily detected

A methoa has been reported in which i1mmob.l1ized
chelating agents have been used for the chromatography of
ligands (60) Free 8-hydroxyguinoline usuaily complexes
with 1ron(III) with a ligand-to-metal ratio of 2 1
However, the i1mmobilized chelating agent complexes only with
a 1l 1 ratio, leaving the other two metal sites hydrated
Different ligands will have different affinities for those
sites and car be chromatographicalliy separated py those

affinities



Need for the Determination of

Immobilized Species

In the develcopment of an analytical method, or any
method where quantitative results are desired, 1t 1s
necessary to optimize experimental conditions for the method
and the use of immobilized reagents 1s not exempt from this
need The most apparent parameter 1s the maximization of
the amount of reagent that can be i1mmobilized (1t may also
be necessary to minimize the amount of an undesired
Si=._.<5s, Thus, 1t 1s necessary to obtain quantitetive
knowledge about the i1mmobilized species Also, 1t may be
important to characterize the reactions that take place at
tne surface of the support. Quantitative information on
both the reactions involved in the i1mmobilization of
chemical species and their intermediates and the reactions
that i1nvolve the i1mmobilized reagent 1s required This 1s
in order to i1impiove the yield of products, decrease
1nterfering side reactions, and improve the kinetics of
interactions. The aetermination of immobilized species may
be necessary for quality control so knowledge that a
procedure has beer successful or not can be obtainea
Finally, guantitstive .nformstion 1s necessary, simply, to
understand the nature and perhaps the mechanisms of the

reactions tak.ng place



CHAPTER 11

LITERATURE REVIEW OF ANALYTICAL
METHODS FOR THE DETERMINATION
OF SILICA-IMMOBILIZED

CHEMICAL SPECIES

This review 1s divided 1nto two parts The first
describes physical methods of determinatic~ wrich focuses
directly on the silica support 1tself _- = _ apsence of ary
chemical reactions that facilitate the detection of a
chemical species The second part descrikec chemical
methods of determination in which there 1s some chemical
reaction taking place with an immobilized reagent or as a
direct result of 1ts presence producing some other species

in which a physical measurement 1s then made

Physical Metbhoas of Determination

A relatively large number of methods, both physical and
chem.cal, used to study the nature of silica-immobilizea
chemical species have been reportea i1n the literature Only
the references that report quartitat.ve information or
suggest analytical applicat.ons have been incluaed 1in th:is
review Some methods have a very small amount of
informat.on of analytical i1nterest and are not covered 1in

great detazil
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Measurement of Capacity of Chelating Agents

Immobilized chelating agents are unigque with respect to
other i1mmobilized species because they can be determined by
methods that are specific only to species capable of forming
complexes with metals The amount of metal that 1is
complexed by a chelating agent can be determined and then by
the knowledge of the stoichiometry of the complex formation
(1 1, 2 1, etc ), usually determined by elemental analysis
(15), the actual amount of immobilized ligand can be
determined There are two ways 1n which capacity
measurements have been made The first uses the difference
in concentration produced when an immobilized chelate 1s
introduced i1into a solution of known metal to calculate the
surface coverage of the chelate The use of difference
methods to determine analytical guantities 1s not always
accurate because two measurements must be made, thais
introduces twice as much error as would a single-step
method If the difference 1n measurements 1s small with
respect to the absolute measurements, the method may not be
sensitive enough to produce a reliable result The second
method uses a strong acid to elute metal 1ons that have been
complexed with the immobilized chelating agent This method
1s the more accurate of the two methods for determining
capacity using metal 1ons as probes It 1s also more
accurate than alternative methods, that are not specific for

immobilized chelating agents, such as elemental analysis and
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titrimetric methods Each of these methods will be
discussed later

Ideally, the surface coverage of the chelate will be
independent of the type of probe that 1s used. Table I
shows a brief summary of reported surface coverages and
typical capacities that can be expected for the three most
popular immobilized chelating agents The capacity that 1is
found does i1ndeed depend on the specific probe that has been
used The amount of chelating agent that has been
immobilized does not differ for each metal used, however,
because ¢f t-- structure of the silica support and the
chelating agent the chelate may not be as available for one
metal as with another So capacity measurements are not a
true meas._< [ Tne amcurt Of 1mmobilzed chelating agent
They are only a measure of the amount of chelating agent
that 1s available to a specific metal 10n.

With the excepticn of three d.fferent methods used to
determine cavacity of immobilized chelating agents by X-ray
fluorescence {(which will be covered in the next section) and
potentiometric and thermometric titrations (wnich will be
arscussed 1n the chemical methods section) no further
discuss.on will be pursued concerning conventional capacaity
measurement metnods The reason for this 1s that a recent,
extensive rev.ew of these same capacity determination

procedures has been made available (11)



TABLE I
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CAPACITY OF SOME SILICA-IMMOBILIZED CHELATING AGENTS

Chelating Metal Capacity Surface Reference

Agent Probe (Pmol/g) Coverag

(Vmol/m )

Ethylene-
diamine Cu(II) 520 0 95 10
Ethylene-
diamine Zn(11) 470 0 85 10
Dithio-
carbamate Cu(II) 530 0 96 10
Dithio-
carbamate Zn(II) 500 0 91 10
8-Hydroxy-
guinoline Cu(II) 54 0 27 12




13

X-ray Fluorescence

A method that utilizes the same principle as
conventional capacity measurement techniques by measuring
the amount of complexed metal but instead uses X-ray
fluorescence (XRF) has been reported This method has been
used to study pH dependence of equilibration, the kinetics
of equilibration, and chelate structure (10,14,15) Before
going 1nto experimental details a short explanation of XRF
should be made

X-ray spectroscopy 1S similar to other spectroscopic
techniques Only the nature of the electronic transitions
and the methods used to manipulate the shorter wavelength
radiation are slightly different The difference between
X-ray spectroscopy and conventional spectroscopy 1s that the
absorption or emission of X-ray radiation involves
transitions of inner-shell electrons whereas outer-shell
electrons are involved 1in most of the other spectroscopic
methods The fact that only i1nner-shell electrons are
involved has two important implications Fmission and
absorption spectra of atoms are very simple, consisting only
of a few lines compared to brcad pands found with shorter
wavelength raaiation This 1s because only _rner-shell
electrons are involved in the transitions, so there 1s a
very limited rumber of transitions that are possible, thus
resulting i1in only a few lines In fact, there 1s a

relationship between the wavelength and the atomic number of
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each element This relationship 1s shown in equation 1

-a (z -£)2 (1)

>

Where Z the atomic number of the atom, a 1s a
proportionality constant, X 1s the wavelength, and ¢ 1s an
integer dependent on the series (1 e. o = 1 fcr K, £ = 2 for
L, etc ) (16) This equation implies the second important
feature of X-ray spectroscopy, the emission or absorption
spectra of an atom 1s 1ndependent of any type of chemical
bonding which may be present. Only the outer-shell
electrons are involved in bonding and the _nneir-shell
electrons for all atoms, except the very lightest (Z < 23),
are unaffected
Tne apbsorption of X-ray radiation, for use 1in XRF,

involves the production of an 1onized species with an
inner-shell electron being removed from the atom. After a
short time tne 1on returns back to 1ts grounrd state through
a series of electronic transitions which produce radiation

f a wavelength that 1s always longer than the exciting
radiation

Instrumental design 1s di.fferent than that used for

conventional spectroscopy, because of the nature of X-ray
radiation, however, tne principles are tne same The source
of radiation 1s a large vacuum tube known as a Coolidge
tube This tube consists of a cathode which em.ts
electrons The electrons are accelerated as tney pass

through an electric field They then strike the target
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anode where their kinetic energy 1s converted into a
continuous X-ray spectrum

The monochromator consists of a single crystal that
uses the principle that X-ray radiation 1s diffracted by
different layers of the crystal When radiation 1s directed
at a crystal 1t 1s diffracted at the same angle as the
incident beam was directed However, the radiation 1s not
totally diffracted by the surface of the crystal - each
layer 1s responsible for a certain fraction of the amount
diffracted. This causes an effect that 1s very similar to
that observed with difraction gratings When the beam .s
diffracted only a single wavelength will be in phase with
the radiation diffracted from different layers in the
crystal, so all but one wavelength will be destroyed by
interference The relationship between wavelength and

incident angle 1s given 1n equation 2
nx = 2dsinc (2)

The wavelength 1s 1iraicated by ., n 1s an integer, T 1s the
incident angle and d 1s the interplanar distance of the
crystal structure (17)

Early detection methoas employea photographic film,
nowever, modern detectors convert the radiat.on into an
electrical signal Gas-fi1lled detectors measure the amount
of 1ons produced wnen X-rays strike argon, xenon or kryrton
The number of 1ons produced 1s directly related to tbhe

amount of ¥X-ray radiation striking the detector Geiger
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tubes are very similar to gas-filled tubes except that
Geiger tubes are operated at a much higher voltage, which
produces an amplification effect A semiconductor-type
detector consists of three crystaline layers. The first 1s
a p-type silicon semiconductor that faces the X-ray source
There 1s a central intrinsic zone behind the first layer and
an n-type semiconductor behind that layer The p-type
surface 1s coated with gold and the n-type with aluminum
When X-rays strike the detector a potential develops between
the two metallic coatings This type of detector 1is very
sensitive However the detector and pre~amplifier must be
thermostated with liquid nitrogen, even when the instrument
1s not 1in use, to reduce noise and to prevent lithium from
diff.s.ng 1n the silicon layer

The output from the detector 1s usually measured in
counts - the amount of ¥X-rays that have reached the
detector Since the final output 1s a counting recorder the
numerical value :s dependent on time To rormalize this to
a standard value eacbh measurement 1s made for the same fixed
amount of time ana this time 1s reported with the numpber of
counts

Capacity measurements have been made, using XRF, of
ethylenediamine i1mmobilized on silica gel as well as 1t's
d.thiocarpbamate Tne 1mmobilized chelating agent was first
equillibrated with a solution of excess metal ion, either
Cu2+ or an+ The silica gel must be formed into a

pellet 1n order for the measurement to be made In making
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pellets an equal amount of cellulose was blended with the

silica gel to improve mechanical stability At this point
the pellet was placed in the fluorometer and measurements

were made (3,10)

The purpose of the work was not directly to measure the
capacity of the immobilized chelates, but to help
characterize the i1mmobilized chelate complexes with selected
metal 1ons with respect to certain parameters such as
kinetics and equilibrium costants of formation and the
effect of pH The authors were tryving to develop a method
1n which trace levels of mete__ ~la be determined
simultaneously by pre-concentration with the aid of
si1lica-immobilized chelating agents with XRF detection The
authors were able to develop a method, which was published
shortly thereafter, to make those simultaneous
determinations 1in the ppb range for molybdenum and tungsten
(14) In view of this fact little experimental i1nformat.on
was provided concerning any “Ri reasurements Other metbods
were used, carbon analysis and EDTA titration of the eluted
metal 1on, to determine capacity for which results were
reported

In spite of this fact, the use of XRF to determine tne
amount of i1mmeobilized chelate, and thus the capacity, 1s an
additional technique for capacity measurements It's future
as an analytical method, even for the simultaneous
determination of trace metals, 1s somewhat limited for thiee

reasons First, the process of pressing pellets 1s
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destructive to the sample The amount of chelate that has
been i1mmobilized can vary from one region to another on a
single sample of silica gel so 1t can vary greatly on
different samples (18) Secord, the use of XRF 1s limited
severly by the great 1nvestment 1n equipment necessary.
X-ray fluorometers frequently cost 1in excess of $100,000
which makes them available to only a few researchers
Finally, the method 1s inherently very precise, however, 1t
1s not very sensitive It 1s difficult to detect an element

in less than one part in 10,000 (16)

Transm.ssion Infrared Spectroscopy

The use of transmission infrared to study the nature of
immobilized species 1s quite common 1n the literature
(14,19,20) However, most of that literature 1s concerned
with surface silanol groups. Once a chemical species has
been immobilized the silanol groups that remain on the
surface of the silica can, undesirably, interact with
molecules 1in their vicinaty This 1s especially undesirable
in cnromatography because the silanol groups contribute to
band broadening Most of the infrared work done 1s so the
efforts to decrease the amount of these surface silanol
groups can be compared Surface silanol groups are not an
immobilized species themselves Since they are functional
groups that are always present on the surface of silica,
methods to characterize and gquantify them are not covered 1in

this rev.ew



Most other infrared methods are only concerred with
characterization of immobilized spec.ies as they interact
with other chemical species This 1s 1n order to dertermin
1f such things as 1f there 1s any hydrogen bonding involved
1n an interaction or 1f the keto or enol tautomer of some
immobilized species 1s predominant (20). As a result there
1s very little quantitative information available

’ One paper does give a small amount of quantitative
information (21) In order to obtain an infrared spectrum
the silica support must first be 1n a powder form The
support, then, must be 1ncorporated into some kind of form
so that the transmission infrared spectra can be taken.
Most methods press the silica into a KBr pellet, however,
this practice 1s sample-destructive The method reported
uses carbon tetrachloride, which has the same 1ndex of
refraction, to support the silica so that the silica can be
reused after washirg The ability to reuse the silica
support 1s i1important because the quantification of
immobilized trimethylsilane was found by difference The
spectrum of the silica, with no i1mmobilizea spec.es present
was taker and then the i1mmobilization was performed and the
spectrum was taken again By observing the decrease 1n
absorpance from bands due to surface silanol groups .t was
possible to determine what percentage of silanol groups had
reacted and thus krow the amount of immobilized
trimethylsilyl groups However, the result was only

reported as 40% surface coverage because no effort was made

19

e

14
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to develop a calibration curve The amount of immobilized
trimethylsilyl can be estimated because many studies have
found that there are about 7 5 umol/m2 of surface
si1lanol groups on a silica support (20). Knowing that the
surface area of the support 1s 197 m2/g the surface
coverage 1s (197 m2/g x 75 pmol/m2 x 0 40) 590
pmol/g

This article shows why transmission infrared methods
have not been frequently used for quantification of
immobilized species Although the method 1s convenient (no
elaborate «r. _zt2s 1s needed) and the use of a liquid to
suspend the silica can be nondestructive to a sample, 1t can
not be effectively used as an analytical technique

Convent.cnal i1nfrarea spectroscopy 1s not very
sensitive. Molar absorptivities in the infrared region are
not very high, guite concentrated mixtures of
non-i1mmobilized chemical species are necessary f{about 10%)
1n order toc prccduce gquantitative spectria (16) When a
cnemical spec.es 1s i1mmobilized the amount of that species
that 1s bourd with respect to the total amount of silica 1is
so low that very little signal can be obtained The reason
thre amount of surface silano:. groups was determined and the
amount of traimethylsilyl groups was found by aifference 1is
pecause the silarols are more abundant on tne surface and
thus produce a larger signal Thus a more sensitive method

1s prefered
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Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) has been
used, 1n a very similar manner as has been conventional
infrared spectroscopy, however, FTIR offers better
sensitivity. Fundamental aspects of FTIR will be briefly
discussed as wi1ill the reason for better sensitivity
Conventional spectroscopy 1s known as frequency-domain
spectroscopy, that i1s, the signal from the detector 1is
always plotted versus the frequency of light striw_~g the
sample Fourier transform spectroscopy 1s d.ffe_e~- :n that
polychromatic light strikes the sample and signal 1s plotted
versus time (time-domain signal) That 1s, the waveforms of
each component wavelength of light that 1s transmitted by
the sample are added together and a time domain spectrum
results. This resulting signal can, through a series of
mathematical operations, called Fourier Transform, be
converted i1nto a signal-vs -wavelength spectrum Ire result
of this technique 1s higher sensitivity because an entire
spectrum can be collected 1n the time 1t takes conventional
spectroscopic method to collect one point Thus the signal
to nolse ratio can be reauced much gquicker and easier (17)

The reported uses of FTIR 1n this area have been very
sim.lar to that of conventional infrared spectroscopy, the
study of interactions of surface silanol groups and
immobilized species being predominant (22,23) Although the

amount of quantitative methods that have been reported 1is as
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low as with conventional 1nfrared spectroscopy, the quality
of those from FTIR 1s considerably improved

Vinyltriethoxysilane (VTES) 1s one of the types of
si1lane coupling agents that are widely used to improve the
properties of the interface between glass fibers and a
polymer matrix for fiberglass-reinforced plastics. The
relationship between VTES concentration in the reactant
mixture and the amount of surface coverage that has been
obtained has been studied with FTIR 1in which quantitative
informa+tion vias supplied (24)

Art-n. ¢ the limit of detection 1is much lower than for
conventional infrared methods, the relative amount of the
vinylsilane that had been immobilized was very close to the
limit of detection of the instrument Any difference 1in the
two spectra obtained (1 e the sample and background) would
be due only to any immobilized species that are present on
the silica surface In order to obtain the final difference
spectrur zot> the sample ard background spectra must be
scanned many tumes In order to decrease the
signal-to-no_se ratio and resolve certa.n peaks the spectrum
was scanned a minimum of 1000 times When the amount of
immobilized vinylsilane was low, due to low concentrations
of the VTES i1n the reactior mixture, as mary as 15,000 scanrs
were necessary to resolve the spectrum In spite of the
time consuming measurement process {akbout one hour for
15,000 scans) some interesting results were reported

As woula be expected, the amount of vinyl groups



immobilized 1increases when the concentration of VIES in the
immobilization reaction mixture 1s 1ncreased The amount of
vinyl groups that are immobilized 1ncreases quickly when
there 1s little VTES 1in the reaction mixture but then begins
to level off as 1f there 1s a limit to the amount of vinyl
groups that can be immobilized Table II shows the amount
of vinylsilyl groups that were immobilized with various
amounts of VTES 1n the reaction mixture

However, the absolute amount of i1mmobilized vinylsilane
1s extraordinarily high Normally the amount of immobilized
groups rarely exceeds 10 pmol/mz. Such a high excess of
immobilized groups 1is due to the fcrmet_orn of additional
reactive silanol groups One of the €. ¢~y groups from VTES
reacts with a surface silanol group which immobilizes that
vinyl group However the other two ethcvy: oroups are
capable of reacting with silanol groups or of becoming
silanol groups themselves The producticn of these
aadditional silanol groups gives the immobilized vinyl group
the ability to polymerize through siloxane ponas (25) On
the assumption that eacn viryl group occup.es a space of

2 the last column of Table II shows how many

0 40 nm
layers of molecules have been i1mmobilized

The values that were reported for the surface coverage
should not be regarded as an absolute measure of the amount
of .mmopilized vinyl groups In orcer to make guantitative

measurements the 1602 cm"l band of the v.nyl group was

integrated However, the calibration curve was produced



TABLE I1I

AMOUNT OF IMMOBILIZED VINYLSILANE ON GLASS FIBER AS A
FUNCTION OF THE CONCENTRATION OF VTES IN THE
REACTION MIXTURE (REFERENCE 24)

Silane Surface Number of
Concentration Coverags Layers

Wt % (pmol/m<)

01 9 97 24
0 2 20.6 50
0 3 19 6 47
0 4 22 6 5~
0 5 37 2 350
0 6 46 7 112
0 7 56 1 135
0.8 62.1 150
10 77 9 ren
1.0 74 4 179
10 72 1 174
12 50 2 217
14 81 7 197
15 82 4 198
16 105 252
18 103 248
19 123 297
20 102 24%5
2.0 101 243
20 131 316
20 98 8 238
2 0 135 325
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with the non-immobilized form of VTES and the absorptivity
at 1602 cm-l was assumed to remain unchanged after the
immobilization procedure No rationale or explanation was
given to support this assumption

The FTIR procedure reported 1s more sensitive than
conventional infrared techniques, so that the amount of
immobilized species can be directly determined instead of
being determined by the loss of silanol groups Still, FTIR
1s not sensitive enough for the determination of monolayers
of molecules The number of scans that would be necessary
and the t.me that would be consumec ir the process of
detecting a monolayer (1f a monolayer coula be detected at

all) would be extraordinary

Photoacoustic Spectroscopy

The photoacoustic effect has long been used for the
study of gases, but 1t has just recently been used to
rroauce ultraviolet, visible and infrared spectra of highly
scattering solids The operation and sample preparation of
photoacoustic spectroscopy (PAS) 1s relat.vely simple (31)
Tne sample 1s placed i1nto a sound-insulated chamber that has
a sensitive microphone .n 1t The sample .s 1rradiatiated
with a single wavelength of licht at a time If the sample
absorbs at that specif.c frequency the energy of the
radiation will be converted 1into vibrational energy of the
solid which wil:i then be transfered tc the surrounding gas

as kinet.c energy The beam of incident radiation i.s
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chopped, that 1s, the radiation 1s alternatively turned off
and on agailn This, i1n effect, produces an alternative
heating and cooling of the surrounding gas which 1n turn
produces expansion and contraction of the gas When the
fregquency of the chopper 1s the same as an audible frequency
the expansion and contraction of the gas can be detected
with the microphone

The photoacoustic effect 1s observed provided the
radiation 1s absorbed by the sample, thus the power of the
detected sound 1s directly related to the amount of incident
radiation that was absc.r« Scatterea, reflected or
transmitted radiation has no effect on the resultant signal
(17)

The application of PAS to silica-immobilized chemical
species 1s 1important for two reasons. With other
spectroscopiC methods the silica support can easily
interfere with the detection of i1mmobilized species because
there 1s such a large excess ¢f silica compared to the
specles of interest. However, PAS 1s limitea to the surface
of si1lica where the relative amount of .mmobilized spec.es
1s much greater Also tne physical nature of the sample 1s
much less critical than with alternat.ive techni.ques
Pressing the sample intc pellets 1s not necessary, all that
1s necessary 1s introducing the silica i1n a reproducib.e
manner i1nto the sample chamber for each run (26)

Even though PAS 1s well suited for the guantitative

study of silica-immob.lized chemical species, most of the
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literature 1s concerned with qualitative studies only The
first reported use of PAS was the study of ferrocene
reagents immobilized on silica (27) Other studies have
involved the study of immobilized chromatographic phases
(28) and i1mmobilized chelating agents (14,29)

Only one report was found where quantitative
information was reported In fact, this report was one of
the very few that were concerned only with the determination
of 1mmobilized chemical species (26). The types of
immobilized species that were studied were those commonly
usea as chemically bonded stationary phases for use 1in
chromatography and make use of alkyl-, phenyl-, and
aminoalkyl- modified silica. The examination of these types
of immobilized species was made 1n the near infrared reg.ion
of the spectrum. Most of the quantitative information was
optainec from X-h stretching, where X 1s C, N, or O The
molar absorptivity of these types of bonds 1s generally low,
howeve:r, the surface coverage was great enough so that a
measurable signal was obtained This region was chosen
because .t provides well-resolved absorption bands,
relatively free from .rterferences

Cf the two 1infrarea methoas already discussea, one
totally i1griocres the reed fo: a calibratior curve, the othner
uses the signal from tne non-immobilized spec.es to
calculate the amount that has been immobiiized This report
uses a much more common method of producirg a calibration

curve The photoacoustic signal 1s plottea versus the
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surface coverage as determined by elemental anaiysis (26)
In this case calibration against elemental analysis 1s the
best (elemental analysis will be discussed more extensively
in the chemical methods section) because the spectra of
immobilized species are not necessarily the same as for the
non-immobilized form (the infrared peaks are shifted to
longer frequencies 1in the i1mmobilized form) In fact, the
spectrum 1s described as being between the spectra found for
liguid and solid samples because of the slight decrease 1in
mobility of the species when 1t 1s immobilized, but not
ccmrlets _mmobility found when 1t 1s frozen (30).

Both the surface coverage for several aliphatic bonded
chromatographic stationary phases was studied and the
1ezCce_. .2Z1le fo1 the 1mmobilization of two stationaryv
phases were determined. Table III shows the surface
coverage fcr different lengtbhs of aliphatic chains. Table
IV shows the amourt of octadecyl-modified silica that has
been produced with time Finally, Table V shows the amount
of £ -phenethyl-modified silica produced with time

Photoacoust.c spectroscopy 1s 1indeed sensitive enough
to detect the small amount of material that 1s presert when
an .rmobilization has taken place Unfortunately, the
avuthors aid not mention just hov sensitive the method 1s or
even possiple l.mits of detect.on Tne calibration curves
obtained were nearly linear, each calibration curve haa
calibration coefficients of at least 0 99 However, 1t _s

necessary to plot a different calibration curve for every
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TABLE III

SURFACE COVERAGE OF DIFFERENT ALKYL SUBSTITUENTS
ON SILICA (REFERENCE 26)

Immobilized PAS Signal Elemental Analysis
Species 1182-1188nm Surface Cgverage
Analog (rel units) (pmol/m<)

Hexane 0 195 1 72

Octane 0 260 1 69

Decane 0 303 1 86

Dodecane 0 331 1 63

Octadecane 0 390 -z

TABLE IV

SURFACE COVERAGE OF OCTADECYL-MODIFIED SILICA
WITH TIME OF REACTION (REFERENCE 26)

Time PAS Signal Ele—emta Analvs.s
(min) 1710nm 1188nm Surfszce Cgverage
(amol/m%)
2 0 345 0 325 0 94
6 0 405 0 378 111
16 0 433 0 428 1 25
30 0 453 0 455 1 32
60 0 477 0 482 1 40
150 0 503 0 508 L 47

1260 0 517 0 517 1 49




TABLE V

SURFACE COVERAGE OF PHENETHYL-MODIFIED SILICA
WITH TIME OF REACTION (REFERENCE 26)

30

Time PAS Signal Elemental Analysis
(min) 1664nm 1130nm Surface Cogerage
(pmol/m*)
1 0 278 0 155 1 33
4 0 300 0 163 1 60
10 0 355 0 183 1 89
20 0 395 0 193 1 94

120 0 410 0 208 2.12
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type of compound that 1s to be immobilized

The autbhors claimed that the methoa used was
non-destructive to the sample This 1s true provided the
si1lica support 1s 1n a very fine powder form In other
words, there 1s a limit to the amount of light diffusion
that can be caused by the sample Recently, work has been
done so that through a mathematical treatment much larger
particles of silica (and much more diffusing) can be
compared with other solids (31)

The final disaaovantage of PAS concerns the placement of
the sample with.:~ %' - sample chamber The distance between
sample and the radiation source and microphone must be kept
constant from run to run. Variations 1in this distance can
cause fluctuations i1in the amount of energy that has been
absorbed or the amount of energy that reaches the detector.
In spite of these shortcomings PAS 1s one of the most
sensitive, least destructive physical methods reported for

the determinat.on ci .mmokbilized species.

Carbon 13 Nuclear Magnetic Resonance

Carbon 13 nuclear magnetic resonance spectroscopy (NMR)
has seldom been used 1n surface studies, probaply due to the
poor resolut.on and low sensitivaity of the tecrnique (32)
However, the application of 1ts use offers the advantage of
reduced 1interference from the silica support Carbon 13 NMR
has been used to study the surface interactions (with other

species and metal 1ons) of immobilized chelating agents (20)
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as well as other types of immobilized silanes (32)

However, no technique was found that employed NMR and
reported any quantitative information In fact, one author
noted "The intensities of the peaks cannot be trusted for
guantitative measurement" (33) Peak 1ntensities may not be
reliable for quantitative measurements but the possibility
of making quantitative measurements has been recently
suggested (69). Utilization of this technique involves
knowledge of nuclear Overhauser effects and spin lattice
relaxation times 1n order to quantitate the immobilizec

species

Fluorescence Spectroscopy

The environment on the surface of a silica support 1is
particularly suited to fluorescence determination because
optical emission 1s much more sens.tive than 1s absorption
(17) The use of ultraviolet-visible fluorescence 1s just
becoring an important analytical tool for the
characterization of surfaces The alterations needea to use
a conventional solution fluorometer for solid-state samples
are relatively minor, and simply 1nvolve placing
microparticulate silica i1nto a gquartz tube and placing the
ture 1n the sample chamber of the fluorometer Then all
that 1s needed 1s the optimization of the signal by slightly
charging the position of the quartz sample holaer

Lltraviolet-visible fluorescence 1s affected by many

ai1fferent factors such as solvent polarity and viscosity,
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pH, hydrogen bonding and temperature This makes
fluorescence very well suited to the characterization of
immobilized species on silica surfaces because interactions
with other species are clearly evident from fluorescent
sprectra

The distribution of immobilized chemical species has
been studied with fluorescence by exploiting the fact that
the emission of i1mmobilized pyrene 1s changed when one
pyrene molecule approaches to within 0 3-0 5 nm of another
(34,35) Only one method was found that used fluorescence
as a direct measure of the amount of immcbilzed species
(55) Dansyl chloride was employed as the fluorescent tag,
when reacted with amino groups to form sulfonamide
derivatives, 1t produces a high quantum-yield fluorophore
that provides emission spectra 1n the visible region. This
last poirt 1s important because silica absorbs in the
altraviolet region. A wide variety of amines were studied.
Mopo-, cd.- and triethoxys.lyl groups were studiea to provide
an assessment of silicas that contain only monomeric surface
groups (1 e groups that cannot undergyo polymerization) and
si1lares that are capable of undergoing polymerization (1 e
di- ana triethoxysilane)

Fluorescence 1tself 1s not an absolute measuare of the
amount of i1mmobilized species present, the fluorescence
signal needs to be calibrated against an i1incependent methoa
In th.s case the amine content was determirec by non-agueous

acia-base titrimetry (titrimetric methcds will be discussed
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in the chemical methods section)

The results of the quantitative determinations are
shown 1n Table VI The first column lists some of the
different types of species that were immobilized The next
column gives the results of the acid-base titration. 1In the
third column, no mertion was made as to how the amount of
immobilized dansyl chloride was determined Both the
absorbance and emission spectra for the free and i1mmobilized
dansyl chloride are not similar enough to make a correlation
and guantitate the immobilized form Tre final column
represents the percentage of dansy. ¢ . ._ae that has
reacted with the amine All of the percentages are much
less than 100 %. The possibility of increasing that value
1s rather small because a large molecule such as aansyl
chloride 1s not going to be as available to as many amino
groups, as a protonic acid would, due to portions of pores
with narrow diameters (11) In any event, table VI
emphacizes the major disadvartage of Zlivcrescence, and for
that matter, most spectroscopic methods 1n general because a
different calibration curve 1s needed even when there 1s a
small change .n the structure of tne i1mmobilized species

Although fluorescence 1s applicaple to opague samples
there 1s a 1.imit, as there 1s with PAS, the part.cle size 1s
limited to very fine powders If the support 1s of any
larger particle size the method would be sample destructive
because the sample must be ground into a suitable powder

Physical methods of determining immobilized chemical



TABLE VI

COVERAGE DATA FOR AMINATED AND DANSYLATED
SILICAS (REFERENCE 55)
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Immobilized Amine Content Dansyl Content Percent
Species (pmol/g) (pmol/g) Conversion

Aminop:iopyl 462 250 54

Aminopiropyl-

methyl 500 250 50

Aminopropyl-

dimethyl 618 310 50
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species, 1n general, are mostly concerned with
characterization of the surface of the i1mmobilized support
Information 1s desired about the interactions of the
immobilized species have with themselves, with other free,
species or even solvent molecules Quantitative results are
usually sought only when they can help elucidate some of the
interactions that may take place The signals obtained from
most physical methods are also difficult to quantify,

calibration curves must be determined from alternative

procedures and these calibration curves are usually
developed from chemical methods - ~ie excepticon of
carbon 13 NMR, physical methods require great strictness as
to the actual form of the silica sample. Not all methods
require pulverizing the support ana p.=ss-ng into a pellet,
but the others require at least a fine powder for the
determinaion. Physical methods probably will not be used
for the routine determination of 1mmobilized species and for
the fact that a large 1nitial investre-* of equipment 1is

necessary

Chemical Methods of Determiration

Some type of physical method 1is required for the
detection of any chemica. spec.es However, tnis section 1s
separatea from physical! methoas because 1t deals with
chemical reactions that aid in the determination of one
species by measuring quantities of other chemical species

Although calibration curves are needed 1n the use of



37

chemical methods, as well as physical methods, the species
detectea 1s not an immobilized one so all information that
has been collected for free species can be used 1in an
analytical determination There 1s also less restriction on
the actual physical form of the silica support, 1t can be a
fine powder or consist of large particles. The major
disadvantage of chemical methods 1s the occasional lack of
selectivity of some of the procedures Some methods are
selective toward certain types of functional groups and some
methods have absolutely no selectivity at all (these will be

discussed)

Thermometric and Potentiometric

Titrations

Thermometric (36) and potentiometric (37) titrations
are both well established conventional technigques. A
potentiometric titration involves measurement of the
difference 1n potential between the working electrode and
the reference electrode during a titration The potential
difference produced 1is measurea either with a potentiometer
or a pH meter. A potentiometer 1s used when great precision
1s neeced, however the i1nstrument mereiy needs to 1indicate
wnen the endpoint 1s reached, and the critical measurement
1s tnat of volume Since the concentrat_.on of the titrant
and the stoichiometry of the reaction can be known the
amount of i1mmobilized species can be determined (38)

The oniy requirement needed 1n the aevelopment of a
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potentiometric method 1s a change in the potential of the
solution Somehow 1n the course of the reaction, either an
electroactive substance needs to be consumed or produced, or
there needs to be a change 1n the electroactivity of species
present. Acid-base reactions are very popular because of
their convenience (39) It 1s i1mportant to note that the
titration of an immobilized acid with strong base 1is
i1mpossible because the silica framework i1tself 1s destroyed
at a pH above 9-10 (13) Titrations can also 1nvolve
complex formation (a metal 1s taken out of solution),
precipitatic f- ~ 10onic species are removed from solution),
and reduction-oxiaation reactions (a change in potential 1is
produced) (37).

Equivalenre mn~int determination 1s a matter of
observing changes 1in slopes of titration curves. The actual
shape of the plot will depend on the actual type of
titration that 1s being performed It will depend on
whether electroactive species are being consumed, produced
or both A res.ew on the titration plots produced and
determination of equivalence points has been published (37)

Thermometric titrations are essentially the same except
that the temperature of the solution beirg studied 1is
measured, 1instead of the potent.al Also, when designing
procedqures, a reaction .s neeced that either produces or
consumes heat Acid-base titrations are the most common
with thermometric titrations as well Acid-base reactions

are highly exothermic and thus their thermometric titrations
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are very sensitive

The first reference 1n which potentiometric and
thermometric titrations were used to determine 1immobilized
species appeared in 1981 (39) The 1mmobilized analog of
ethylenediamine was i1mmobilized by reacting
N-(2-aminoethyl) (3-aminopropyl) trimethoxysilane with
controlled-pore glass. The controlled-pore glass was first
titrated with copper(II) sulfate with thermometric end-point
detection A number of titrations were conducted on the
sample 1ncluding taitrations with varying rates of titrant
addition The end-point corrc<c~r -za to 1 64 + 0 14
Pmol/m2 of copper-binding sites, .naicating the
reproducibility of the method (36)

A potentiometric titrat.o. <. n&ace on the same sample
of modified controlled-pore glass Averaging all replicate
determinations gave a capacity of 2 12 + 0 08 Pmol/m2
This value 1s 1n good agreerent with the results of
elemental analysis (3 26 + 0 16 Lmel/m?) and alternative
copper binding capacity studies (3 66 + 0 22 pmol/mz)

(14)

Although there 1s good agreement between tne
potentiometric titration and .ndepencdert methods, there 1is
very poor agreement between the potentiometric titration and
the thermometric titration for copper binding capacity Tre
value obtained by the thermometric titration 1is
approximately one-nalf of the capacity obtained by the other

methods The discrepancy was given as the result of the
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Cu(II) forming a Cu(II)-(ethylenedlamlne)2 complex. The
author reported that the second step 1n the formation of
this complex, which 1s a rearrangement of the ligands in the
complex (from a 1 4 complex to a 1 2) when a second Cu(II)
1s added, has an experimentally unobservable reaction
enthalpy and thus the final value was one-half of 1ts
intended value (52) However, the magnitude of the
temperature, or heat measurement 1is not used in the
calculation of capacity The end-point 1s not dependant on
the actual value of the temperature but on a change 1n slope
that 1rdicates the proper amount of titrant that has been
added. So the rearrangement of the complex produced no heat
of reaction and remained undetected However, the
notentiometric titration was demonstrated as a useful method

for the determination of immobilized chelating agents.

Catalytic Kinetic Method

Ore of the i1ntermeaiates 1n the enzyme immobilization
procedure 1s an immobilized aldehyde group (7) A procedure
for the catalytic determination of silica-immecbilized
aldehyde groups has been reported (40) This method was
initially very promisirg because the i1mmobilized aldebyde
groups were reported to act as catalysts and thus were not
destroyea in the course of the determination
p-Diaminobenzene reacts with agqueous hydrogen peroxide to
produce a highly colored oxidation product known as

Bandrowski's base (Figure 2) (41) The presence of aldehyde




NHy

3 <::::> + 3 H202 — C18H18N6 + b H20
NH»

Figurz . ~_e«czicn Betwesen Diaminobenzene and Hydrogen

Peroxide to Form Bandrowskil's Base

41
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groups greatly increases the rate of reaction, which has
been used for a spot test for the presence of aldehydes
(42)

A fixed-time kinetic method was used for the
determination of aldehyde groups i1mmobilized on glass beads
Buffer solution, hydrogen peroxide, glass beads and
p-diaminobenzene were placed i1in a flask and allowed to react
for a predetermined amount of time, 5, 10 or 15 min This
mixture was immediately filtered and the absorbance of the
filtrate was measured Table VII snows the mean values of
some of the results. The data recr.xted show that the method
1s a very reproducible one and reliaple for the
determination of immobilized aldehydes

Most of the methods already + ~~.ssed, 1ncluading
physical methods, make use of some other independent method,
usually elemental analysis, to calibrate the new method that
has been developed However, a few methods, including this
one, assume that the behavior of the i1mmobilized species 1s
the same as that of the non-immob.:1zed form This practice
can be very erroneous, especially i1n this case, when the
reaction kinetics of both the i1mmobilized and
non-i1mmobilized form of glutaraldehyde are assumed to be the
same There would be no problem 1f 1t were demonstrated
that the kinetics of the two forms are equal In v.ew of
this, the results reported for the amount of immobilized
aldehyde determired cannot be used as an absolute measure of

the amount of aldehyde present They can, however, be used
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TABLE VII

REPORTED RESULTS OF ALDEHYDE DETERMINATION ON
TWO SUPPORTS (REFERENCE 40)

Support Mean Amount of Sample Standard
Aldehyde Determined Size Deviation

Porous

Glass 2 44 pmol/g 5 0.10

Silochrom 1 40 pmol/g 9 0 09
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for a relative measure of the amount of glutaraldehyde that
has been immobilized

One of the obvious advantages of this procedure 1s the
catalytic behavior of the aldehyde groups This point,
along with the absence of restrictions on the physical form
of the support, suggest this method as a very convenient
one However, attempts to use this methoa to determine
aldehyde groups immobilized 1n an open-tubular reactor
showed that the behavior of the aldehyde groups may not be
catalytic (43) The signal produced from each succesive
determination on the same support decreased. This
observation led to a detailed kinet.c study of the reaction
between p-diaminobenzene and hydrogen peroxide and the role
that the non-immobilized form of glutaraldehyde has in the
reaction (44)

Glutaraldehyde was found to have an experimental order
of 2/3 This fractional order suggests a much more
complicated step 1n the mechanism than that of a catalytic
step The aldehyde group does not act 1in a truly catalytaic
manner, but rather acts as a promoter of the reaction In
some way, 1n the promoting step ir the mechanism, the
glutaralaehyde becomes deactivated

Although the i1immobilized aldehyde group 1s deactivated
and the proceaure 1s destiuctive to the sample 1t does have
scme benefits The highly colored nature of the product
gave rise to a reported limit of detection between 0 02 and

0 05 pmol of aldehyde groups per gram of support The
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procedure 1s also very selective, only aldehyde groups act
to promote the reaction, ketones have no effect on the
reaction So, 1f the method were calibrated against a more
reliable one, and 1f the preservation of the aldehyde groups
1s not craitical, tbhis procedure could be a useful method for

the determination of silica-immobilized aldehyde groups

Elemental Analysis

The most widely used method of i1mmobilized species
aetermination 1is classical elemental analysis. The
rrccedure for performing elemental analysis on silica 1s the
csz~2 as for any other type of sample except that 10 - 15 mg
of the silica support 1s needed for the determination (45)

a 42 cnly 01 - 3 mg of the silica support 1s needed for the
other types of samples (16) The sample 1s placed 1in a
sample boat and heated 1n an oxygen-rich atmosphere at 900
°c Carbon dioxide, ritrogen, and water are given off

as combustion products Tnese gases are then collectea and
cetermined by gas chromatography with a thermal conductivity
detection system The results are usually expressed as a
percent of a particular element and are then converted to
ccverage .n mmol/g of support and pmox/m2 of support.
Hydrogen, nitrogen, and carbon can be used to quantify the
.mmobilizea species However, hydrocgen 1s present elsewhere
on the silica msetrix, 1in the form of surface silanol groups,
sO any results obtained from percent hydrogen could be

erroneous Percent nitrogen has been used to determine
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immobilized amines (47), but, carbon 1s present in such an
excess to nitrogen especially with chromatographic supports,
that carbon determination 1s the most common Percent of an

element can be converted to coverage by means of equation 3.
Coverage (mmol/g) = %C / 1 2 NC (3)

Nc 1s the number of carbon atoms in the alkyl chain.

The use of elemental analysis 1s very common, SO
results from just a few representative papers will be
discussed here Bonded chromatographic stationary phases
for reversec-vhase liquid chromatography can involve long
alkyl cha.rs _th a great amount of carbon on the surface of
the silica so these types of i1mmobilized species are
particularly vell suited to elemental analysis Articles
found were studying such things as the effect of chain
length on the capacity ratio (45,46), the separation of
alkyl-substituted polycyclic aromatic hydrocarbons (47) and
the minimization of residual surface siianol groups (19).
The determination of the .mmobilized groups was used as a
mears of acquiring more information about the behavior of
the bondea phases Table VIII shows some of the results
that were reported with these metbods

Experimental details about the elemental analysis
aetermrnation were absent i1r ail the art.cles found. The
authors simply said that elemental analysis was performed
and ther reported the results Elemental analysis 1s a

relatively simple and widely used procedure but the articles



SURFACE COVERAGE DATA BY ELEMENTAL ANALYSIS

TABLE

VIII
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Immobilized Surface Coverage Ref
Species (pmol/m™) (mmol/qg)
—Sl(CH3)2 8 7 2 6 45
-Sl((CH2)3(CH3)2 4 9 15 45
-Sl(CH2)7CH3 3 84 0.963 46
-Sl(CH3)(CH2)7CH3 3.41 0 98¢ +9
-Sl(CH3)2(CH2)7CH3 3 23 0 937 19
-Sl(CH3)(CH2)9CH3 38 1 11 45
—Sl(CHz)IOCHB 3 37 0 83¢ =0
-Sl(CH2)14CH3 3 04 0 718 46
—Sl(CH2)17CH3 2 4 0 72 45
—SL(CH2)17CH3 3 24 0 741 46
-Sl(CHB)(CH2)17CH3 2 6 0 78 45
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could be improved 1f there was some mention of the
poss.bility of error and statistics 1involved 1in the
determination

Elemental analysis 1s a relatively simple procedure for
the determination of relatively large organic functional
groups with a fairly high surface coverage The only
geometric requirement on the silica support 1s that 1t must
fit 1n the sample boat and the furnace Although elemental
analysis 1s not physically destructive to the silica support
the i1mmobilized molecules are combusted i1in the determination
so the method 1s destructive to the samrple Another large
disadvantage 1s the fact that there 1s no selectivity 1in the
types of functional groups or molecules that can be
determined. If there 1s a series of d_fferent species that
need to be i1mmobilized 1n order to immobilize a certain
functional group, there may be a number of d.fferent
molecules immobilized The presence of unreacted species
and side reactions producing other functional groups makes
the use of elemental analysis 1mrpossible because a strict
knowledge of the specific i1mmobilized species 1s required to

convert percent carbon to coverage (Equation 3).

Gas Chromatographic Detection of

Cleavage Products

Instead of compusting the organic material, as 1s done
wlith elemental analysis the bonds that hoia the species to

the si1ilica support can be cleavea and then the products




49

detected by gas chromatography There are several possible
methods in which the cleavage can be perfo;med Each
procedure has slightly different requirements as far as
reaction conditions and sample 1injection of the products
into the gas chromatograph but they are all similar in their
capabilities Three methods of cleaving the organic species
will be discussed

Molten potassium hydroxide was used to cleave octadecyl
groups immobilized on silica gels for use as reverse-phase
liguid chromatographic phases (48) Ten miligrams of the
si1i11ca support was added to 100 mg of dry solid potassium
hydroxide 1n a small glass reaction tube A small amount
(200 pl) of triethylene glycol dimethyl ether was added 1in
oraer to make the silica surface wettable to the molten
potassium hydroxide. The reaction tube was placed in a
silicone o1l bath at 216 °C for 2 hours Hexane and
water were added so the cleavage products would be dissolved
in the organic phase. Heptadecane was added to the hexane
as a standard. The hexane phase was then injected into the
chromatograph. A large number of supports were used for the
determ.nation, Table IX shows the results for some of the
dirfferent supports Standard deviations of replicated
samples were determined to be less than 3 % 1n all cases
Determinations are not limxzted to octadecyl groups, other
types of groups can also be determinea, provided that the
physical properties of the cleavage products, such as

boiling points, and their chemical benavior in molten



TABLE IX

SURFACE COVERAGE OF DIFFERENT SILICA

SUPPORTS

(REFERENCE 48)
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Support Surface Coverage
(pmol/g)

LiChrosorb RP-18 670
ODS-SIL-X-5 480
Spherisorb S50DS Cl8 220
Polygosil 60-5 C18 260
HPTLC-Fertigplatten 660
Kieselgel 60 C18RP 580
LiChroprep RP-18 590
Vydac 210 RP 30

16

Sep-Pak
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potassium hydroxide are known

The other two methods are not quite as well developed,
and will only be briefly discussed, but they do show promise
as analytical techniques The first uses an aqueous
solution of potassium hydroxide as the cleaving agent (49)
The silica support, 100 mg, 1s placed in a 2 M KOH solution
and heated to 80 °C for 30 min The greatest problem
with this procedure 1s the fact that the silica support 1is
decomposed at a pH above 9-10 (13) Most of the peaks have
the same type of alkyl group attached to silica, but the
reacsc~ the. show up as separate peaks 1in the chromatogram 1is
becauss sach of these groups has different-sized pieces of
the silica support attached Table X lists the assignments
for som= of tne peaks Several of the peaks could not be
1dentified, probably because the silica attached to the
alkyl group 1s very complicated Because there are so mary
peaks, guantitaticn of the original amount of i1mmobilized

groups must involve integration of all the peaks on the

chromatogram There was an atterpt on the authors part to
obtain quantitative .nformation, aithough rone of the
results were reported However, they did report that this
method produced resuits tnat were only about 20% of those
obta.ned ky using elemental anaiys.s.

The final method, although even less developed, shcws
better promise as a mcre reliape technique than the
previously discussed procedure Th.s method uses pyrolysis

as tne method of cleavage (50) About 60 mg of the siiica
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TABLE X

ASSIGNMENT OF PEAKS FOR CHROMATOGRAM (REFERENCE 49)

Peak Compound
Number Name
1 Tri(trimethylsiloxy)hydroxysilane
2 Di(1sopropyloxy)di(trimethylsilyloxy)silane
3 Unknown
4 Isopropyloxy-tri(trimethylsilyloxy)silane
5 Tetra(trimethylsilyloxy)silane
6 Unknown
7 Unknown
8 Di(1sopropyloxy)tetra(trimethylsilyloxy)disiloxane
9 Isopropyloxy-penta(trimethylsilyloxy)disiloxane
10 Hexa (trimethylsilyloxy)disiloxane
11 Hexa (trimethylsilyloxy)cyclotrisiloxane
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support 1s placed .n a pyrolyzer This consists of a
platinum co1l that 1s usea to heat the sample to 800 Oc

for 5 sec The pyrolyzer 1s attached to an interface which
1s attached directly to the injection port of a gas
chromatograph The temperature 1s chosen such that the
maximum number of Si1-C bonds are broken and the minimum
number of C-C or C-H bonds of the octadecyl group are
broken The cleaved groups then enter the chromatograph
immediately after pyrolysis and are separated and detectea
Each pyrogram obtained shows a number of peaks, each

success_\e peak 1s due to different points where the

i
th

clea ags <Z the octadecyl group took place Although no
attempt was made, by the authors, to quantify the amount of
immok.1.-2d spec.es, .ntegraton of the peak area or
calibration of a peak 1s all that would be required to
quantify the information

The detection of cleavage products 1s very similar to
elemental analysis 1r certain respects There 1s no large
restrictior on the physical form of the s.lica support, it
should just be .1n a particulate form Also they resemble
each other 1n the fact that they are completely destructive
to the species tnhnat have been 1mmobilized There 1s a major
difference 1n that the cleavage of whole groups irntroduces
selectivity, by means of a gas chromatocraph, and the
possibility of i1dentifying different immobilized spec.es

As long as there 1s 100% cleavage then the addition of a

standard 1into the sample 1s all that 1s needed for
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quantitation, otherwise a calibration curve by some other

method would be needed

Comparison of Reviewed Methods

There 1s a large variety in the choice of a method for
the determination of chemically immobilized species.
Physical methods of detection offer the advantage of being
nondestructive to the i1mmobilized species However, all the
physical methods discussed here have at least some kind of

restriction on the physical form of the support. The

retimes

n
O

support must always be 1n a particulate form ana
must be 1n the form of a very fine powder Most o©f tne
methods, also, lack sensitivity, the amount of material
immobilized 1s so low with respect to the silica s.._7=zce
that there 1s very little signal. However, because some
type of spectroscopy 1s used 1in each of the methods there 1is
a very high degree of sensitivity And, finally, all of the
physical methods,; with the exception of X-ray fluorescence,
require calibration curves produced by some kind cZ cremical
method

Cnemical methods, on the other hand, have fewer
instrumental requirements, the irnstruments that are used are
not elaborate or highly specialized and are found i1in most
analytical laborator.es Most of the cnemical methoas do
not regqu.re calibration with some other type of
determination procedure There 1s also a wilae range 1n

selectivity for chemical methods Some are very select.ve,
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they respond to only certain immobilized species or they can
s.multaneously determine different species Others offer no
selectivity and respond to any type of carbon-containing
compound i1mmobilized on silica With the exception of the
titrimetric methods all chemical methods are aestructive to
the immobilized species

The actual choice of a method for determining chemical
species depends on all of the above factors However, the
methods i1n the literature do not encompass all possible
compinations of sample types For example, some of the
chemical methods could be adapted to aetermine i1mmobilized
species 1n open-tubular reactors and single bead string
reactors but none can do so 1in a totally nondestructive
manner With the increasing use of 1mmobilized reagents 1n
flow 1njection analysis, chemrical methods will need to be
developed for the nondestructive determination of a wide
variety of these chemically i1mmobilized reagents

Not all the methods ir the literature with guantitative
information have been presented .:n th.is review There 1s a
guantity of literature which was encourtered that simply
cave l.ttle cetail of experimental procedures used 1n the
determination so they have not been ircluded in this
discussion The following 1s a description of them
Ninhydrin nas beer usea to determime .Tmob.lized protein by
react.on with amino groups (53) An unspecified reaction
with trainitrobenzenesulphor.c ac.d was usea to determine

immobilized amines (7) Shapilov (4C) reported that a
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method had been previously reported in Analytical Chemistry
that used hydrazine to determine i1mmobilized aldehyde
groups, unfortunately, the reference could not be found In
fact, the people that were reported to have written the
article did not publish anything in Analytical Chemistry for
that year or for one year before and after the reference was
to have been published Shapilov also reported a method to
determine 1mmobilized aldehyde (54), but 1t was not pursued
because of the language difficulty Nonagueous titrimetry
was used to determine immobilized amino groups (47,55).
Potentiometric titraticre .ere made to determine immobilized
amines using perchloric oc_.2 as titrant (10) Immobilized
glyceryl groups were determined by a reduction oxidation
titration with periodaare =F1 Titrations have been
performed with acid to aeterm.ne amino groups (57) and with
base to determine sulfonic acid groups (58)

Other methods have been used to characterize the
surface composition of silica Althougn they do not attempt
to make guantitative reas.rements, 2t 1s possible that they
could be so used The following 1s a list of some of those
methods with at least one reference where tney have been
used to characterize silica-immcbilized chemical species
Raman spectroscopy (5%9), electron spin resonanrce (61),
electron spectroscopy for chemical analveis (62), seconaary
10n mass spectroscopy (62,63), Auger electron spectroscopy
(62), ultraviolet-visible spectiroscopy (64,65), thermal

degradation followed by mass spectroscopy (66), proton NMR



(67),

and diffuse reflectance ultraviolet-visible

spectroscopy (68)

57




CHAPTER II1

DETERMINATION OF IMMOBILIZED ALDEHYDE GROUPS

On Controlled-Pore Glass, Glass Beads and
Borosilicate Glass Open Tubular

Reactors

Immobilized aldehyde groups are generally used as
~ -~_-sors to immobilized enzymes. Figure 1 showe the
initial treatment of a silica surface with
3-(aminopropyl)triethoxysilane to produce a surface with
_Ti ce_..Zed amiTio groups These groups are further
derivatized by a Schiff-base reaction with glutaraldehyde to
produce :mmobilized aldehyde groups This aldehyde, then,
reacts througn another Schiff-base reaction with an amino
oroup of a lysine residue of an enzyme to produce an
immopilized enzyme (Figure 3) An understanding of these
reactions as well as optimization of the immobilization
process and reactor design and performance requires an
analytical accounting of the reactive groups attached to the
surface after each step has been completed Information
concerning the aldehyde attachment 1s important pecause the
availiability of reactive aldebyde groups immobilized largely
dictates the amount of protein material amenable to

immobilization
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\
7S1-0-81CHoCHClNH + 0=CHCH,CHCHyCH=0

!

\ J
3 1-0-S1CHoCHyCHN=CHCH, CHoCH, CH=0

HoN-ENZYME

v

v
= 1-0-81 Ol CHN=CHCH i CH CHeH-ENZ I

Figure 3 Immobilization of Enzyme Reaction Between
Immobilized Aminopropyl Group and
Glutaraldehyde, Reaction Between Immobilized
Plaehyde and Enzyme
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The first part of this chapter discusses a successful
method for the determination on CPG and an unsuccessful
attempt for determination on borosilicate glass OTRs The
goal of this research was to develop a method for the
determination of aldehyde groups under continuous-flow
conditions because of the use of enzyme reactors 1n these
types of systgms. The second part of this chapter discusses
the development of a new type of OTR 1in which CPG 1s used as
the silica support (instead of borosilicate glass) In thais

final case the aldehyde determination method 1s successful.

Need for Nondestructive Method

When reagents are immobilized there 1s a reaction at a
liquid-solid interface A degree of heterogeneity 1is
introduced i1n the distribution of immobilized chemical
speclies Some areas end up with very little i1mmobilized
reagent while others have a great deal of the immobilized
species Hence, a destructive determination may be 1invalia
because any amount determired does not convey useful
quanti.tative i1nformation about any other portion of the same
sample Because of this, a nondestructive determination 1is
needed so that the enzyme can be immobilized .mmeciately

following the aldehyde determination

Neea for a Chemical Method

Most spectroscopic techniques that could pe used for

the aldehyde determination e.ther lack sensitivity (e.g
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infrared or NMR spectroscopy), or the topology of CPG and
OTRs and the nondestructive requirement rules out other
applications (e g photoacoustic spectroscopy) Neither
infrared nor ultraviolet spectroscopy could be used for
eirtner CPG or OTRs because the glass absorbs radiation in
those wavelengths. Also, CPG 1s a licht diffusive solid,
whioch complicates the use of spectroscopy. The largest
problem with using a physical method to determine aldehyde
on an OTR 1s that the coil shape 1s mostly composed of open
space, only a small fraction of the space 1s actually
occupied by the reactor containinc imrcpbilized aldehyde. An
indirect, nondestructive chemical method 1s left as the only

viable alternative.

Shapilov's "Catalytic" Method

As already discussed 1in the literature review, Shapilov
(40) has reported a catalytic method for the determination
of i1mmobilizea aldebyde groups However, this method was
found to be destructive to i1mmobilized aldehyde, so that a
search for a nondestructive chemical determination was

undertaken.

Reguirements for Mettrod Development

Before this work was 1nit:iated 1t was known that under
the proper corncitions, some reactions of the Schiff-base
type are reversible Schiff-base reactions are condensation

reactions between an aldehyde ard a primary amine Since
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aldebyde groups are the species of 1interest 1t was decided
that a Schiff-base-type of reaction could be used to
determine those groups The proposed method involves
stoichiometrically attaching the probe to immobilized
aldehyde groups and then removing them from the treated
surface without impairing the subsequent use of the aldehyde
groups for protein immobilization.

An appropriate probe has the requirement of easy
detection 1in solution Several colored compounds were
evalaluated for application to & Schiff-base-type reaction
and ease of detection

A suitable chromophoric probe of amine type has three
stuructural requirements. First, 1t must have only one
amino group. More than - = .-_"C groug fresents the
possibility of crosslinking with neighboring aldehyde
groups Second, the amine must be a primary one 1in order to
undergo the Schiff-base type of reaction And thaird, the
amino group shoula be 1in tne vicinity of an aromatic ring
The presence of an aromatiCc ring near either the am.no or
the aldehyde function facilitates the formation of a
four—-center nitrogen intermediate and makes aydiolysis more
likely The actual rate and specific conditions necessary
for reversib.lity are depencent on the specific nature of
the side chain 1tself

Several aromatic amines were considered for use as
probes Aniline 1s a logical first choice However,

aniline absorbs radiation well into the ultraviolet reg.on
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of the spectdrum (, = 234 nm, ° = 7 9x10°
-1 -1

M “cm 7) The absorbance 1n the ultraviolet region
due to NaClO4 and the phosphate buffer was too high to
permit obtaining quantitative results for small amounts of

aniline 1n solution (Figure 16). p-Benzeneazoaniline

_ _ 4 -1 -1
(Amax = 384 nm, £ = 2 5x10° M ~cm ~) and

2,4-dinitrophenyhlhydrazine (i _ = 349 nm, £ =
4 -1

1.2x10% M lem™!) both absorb well into the

visible region, unfortunately their hydrochlorides are not
sufficiently soluble 1n water to allow their use as probes
p-Nitrophenylhydrazine hydrochloride (which forms a
hydrazone upon reaction with an amine) 1s sufficiently
soluble 1n water and 1t absorbs in the visible region

(Figure 4) A molar absorptivity of 1 O4x104

M lcm™! was determined at a wavelengtn of 400 nm.
Hydrazone formation from a Schiff-base-like reaction 1s
shown 1n Figure 5 Supsequent release of
p-nitrophenylhydrazine by hydrolysis 1is the reverse

reaction

s

Experimental Methods

Apparatus A Perkin-Elmer Lambda 3840 UV/vis linear
diode array spectrophotometer operated by a Perkin-Elmer
7300 Professional Computer (Perkin-Elmer, Inc , Norwalk, CT)
and an Integral Data Systems P-132 printer (Integral Data
Systems, Irc , Milford, NH) was used for collection,

manipulation, and output of all spectra Temperature
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|
\
-/SI-O-SllCHZCHQCH2N=CHCHQCH2CH2CH=O + HCL-HZN-NH©-N02

\ f
781081 CHZCHZCH2N=CHCH2CHZCHZCH=N-NH©—NOZ

Figure 5. Reaction Between Immobilized Aldehyde
Groups and p-Nitrophenylhydraz.ne
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studies were performed with the aid of a Lauda K-2/R
constant-temperature bath (Brinkman Instruments, Inc ,
Westbury, NY) with a glass circulating water bath In
experiments 1involving (CPG) a mechanical stirrer was used to
avoid destruction of the glass particles by the grinding
action of a magnetic stirring bar

The experimental setup used for determinations on OTRs
1s shown 1in Figure 6 A Gilson Minipuls 2 peristaltic pump
(Gilson Medical Electronics, Middleton, WI) was used to
pump, first, the probe solution, and then the hydrolysis
puffer solution. Flow was switched with a Rheodyne Model
.J41 4-way Teflon rotary valve (Rheodyne, Inc , Cotati, CA)
All tubing was made of Teflon (Cole-Parmer, Chicago, IL) to
rrevent adsorption of the probe reagent on the surface of
the tubing A quartz flowcell was used for absorbance
measurements

Adjustment of pH was made with an Orion Research Model
601A pH meter (Orion Researcn, Cambridge, MA) equipped with

an epoxy-body combination electrcde (Sensorex, Westminster

Ca)

Reagents and Solutions All chemicals used were of AR

grade The water usec for solution preparation was
deion.zed and further purified by distillation 1in anp
all-borosilicate-glass sti1ll with a guartz immersion heater
(Wheaton Instruments, Millwv.lle, NJ) The bydrochloride of
p-n.trophenylhydrazine (NPF) was prepared by reaction

between HC! and NPH (Alarich Chem Co , Milwaukee, WI)



NPH

Figure 6. Experimental Setup Used for Determinations in OTRs
pH 5 00 Buffer Solution,
(V) Four-Way Valve,
Open-Tubular Reactor,
SpectLrophotometer,

Nitrophenylhydrazine,
(P) Peristaltic Pump,

(OTR)

(W) Waste Rece1lver,

Computer, Printer

PR

(NPH)

(B) pH 7 10 Buffer Solution,
(CTB) Constant Temperature Bath,
(F) Flow Cell; (S)

L9
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Phosphate buffer solutions were prepared by mixing

appropriate volumes of 0 10 M solutions of NaH,PO

2" 74

and NaZHPO4 (Fisher Scientific, Fair Lawn, NJ) untal

the desired pH was obtained The 1onic strength of buffer
solutions was adjusted by addition of an appropriate amount
of NaClO4 (GFS Chemicals, Columbus, OH)
(3-Aminopropyl)triethoxysilane (Petrarch Systems, Inc ,
Bristol, PA) was used to silanize the OTRs with the
exception of one series of experiments when

(aminophenyl)triethoxysilane (Petrarch Systems, Inc ,

Bristol, PA) was used The CPG used for gluta a_.-- =

o

treatment was purchased with the aminopropyl group alreaay
immobilized (Electro-Nucleonics, Inc., Fairfield, NJ)
Borosilicate glass beaas (1 0 mm diameter, Frcppe. =y CO ,
Inc , Long Island City 1, NY) were used as an alternative
support for glutaraldehyde A 25 % (w/w) stock solution of
clutaraldehvde (Aldrich Chemical, Milwaukee, WI) was used
for most of the aldehyde i1mmobiiizations
{3-[Bis(2-hydroxyethyl)amino]propylltriethoxysiiane
(Petrarch Systems, Inc , Bristol PA) was immobilized 1in an
attenpt to provide alcoholic functiorai groups that coulc be
oxiairzed to aldehyde groups with chromic aci¢ (J T Baker
Chemical Co , Pnillipsburg, NJ) Sodium cyanobcrohydride
(Alarich Chemical, M.lwaukee, WI} was used to attempt the

reduction of the glutaraldehyde-s.lane 1imine bond

Procedure for Construction and Surface Preparation of

Borosilicate Glass Open Tubular Reactors A piece of Pyrex
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glass tubing (8 mm o d and 5 mm 1 d ) was drawn on a
capillary drawing machine (Hewlett-Packard, Model 1045A) to
produce a coiled glass capillary of 0 7 mm 1+ d Whiskers
were then grown inside the capillary by ammonium hydrogen
fluoride treatment (70) The OTR was then filled with
concentrated HCl and heated at 80 °C for 12 h This

acts to convert unreactive siloxane bonds to reactive

silanol groups (40).

Procedure for Surface Preparation of Glass Beads.

Glass beads were used as an alternat:ve support to see 1f
geometry or composition of the glass support was responsible
for glutaraldehyde hydrolysis Glass beads were placed
inside a glass tube and a saturated solution of ammonium
hydrogen fluoride in methanol (J T Baker Chemical Co ,
Phillipsburg, PA) was pumped through The beads were then

dried with a stream of nitrogen The ends of the tube were

,
{

sealed with a torch, and finally, the tube with the beacas

inside was heated at 450 OC for 3 h

Aldehyde Immobilization Procedure One milliliter of

the appropriate silane was adaed to 9 ml of 95 % ethanol
The solut.on was pumped through the OTR at room temperature
for 1 h The silane was washed from the coi1l py pumping
tnrough a few milliters of 95 % ethanol This was followea
by washing with a few milliliters of distilled water For
immob.lization on glass beads, the beads were adaed to the

si1lane solution and shaken for 1 h Excess silanol groups
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were converted to siloxane bonds by heating the reactor or
glass beads at 100 °c for 1 h (24) This curing process
increases the stability of the silane coating (71).
Glutaraldehyde was i1mmobilized by placing about 1 g of
3-aminopropyl CPG or glass beads 1in a vial and adding 20 ml
of 2 5 % (w/w) agqueous solution of glutaraldehyde. The
mixture was shaken for 1 h at room temperature. The glass
was then filtered out by suction, washed with distilled
water and acetone, and allowed to dry. The aldehyde-treated
CPG was stored 1in a desiccator Immobilization onto OTRs
differed only 1n that ¢ _ -__teralcehyde solution was pumped

through the coil for 1 h

Results and Discussior

Optimization of Experimental Parameters The

aldehyde-1mmobilized CPG was used for 1initial experiments
ard optimization of conditions It was found more
convenient to use because 0f .ts very bigh surface area (139
mz/g) and 1ts physical form For the attachment of the
probe about 0 10 g of CPG was added to a vial containing

0 030g NPH dissolved 1in 20 ml of 1n an appropr.iate buffer
For temperature studies the v_al was placed in a
recirculating water bath at an appropriate temperature. The
mixture was st.rred for a fixec amount of time and
immealiately filtered by suction from an asp.rator The CPG
was washed with about 5 ml of water, tnen 5 mi1 acetone, and,

allowed to dry At this point 1t was weighed because all
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comparisons were made on a signal-per-gram basis.
Hydrolys.s was performed by adding the CPG to a vial
containing 20 ml of buffer of selected pH After the
mixture had been stirred for a fixed amount of time, a
portion of the solution was added to a quartz cuvette and
the spectrum cbtained The progress of each reaction was
not followed directly, but the effect that a particular
parameter had on each reaction was inferred by an absorbance
measurement made after the hydrolysis step The amount of
aldehyde present was calculated from the absorbance of the
solut.ion at 400 nm

The heterogeneous nature of the CPG gave rise to
different results from different portions of the same CPG
sample. Table XI shows typical results of determinations
made on different portions of a single sample of
aldehyde-i1mmobilized CPG In order to overcome this problem
and permit compar.son of different samples, several
experiments were performed on the same portior of CPG. One
of these experiments utilized the same conditions for all
portions used for the optimization of a given operational
parameter In this manner an evaluat.on of each condit.on
could be made by, first, determin.ng the amount of
immobilizea aldehyde present, and tnen by comparing the
amount of signal produced per micromole of aldenyde

The 1nab.lity to directly compare results of different
experiments made the implementation of the simplex method of

parameter optimization (72,73) successful only to a limi.ted




TABLE XI

RESULTS OF DETERMINATIONS MADE ON DIFFERENT PORTIONS
OF A SINGLE SAMPLE OF CONTROLLED-PORE GLASS

Portion Amount of Aldehyde
Number pmol/g

1 3 53

2 2 58

3 2 02

4 3 36
Mean 3 36

Standard

De..zt_on

61
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extent Only the pH used for the probe attachment and
removal could be narrowed down The best pH for the
attachment reaction was found to be i1n the range 4-6 and for
hydrolysis 1t was 6-8 Instead of optimizing several
parameters at once, as the simplex method makes possible,
one parameter bhad to be optimized at a time by using the
method discussed earlier

The hydrogen 1on concentration has a marked effect on
both the attachment and the release of NPH (Figure 7) For
the hydrazone formation reaction, experiments were performed
between pH 2.7 and 5 4 and a ma> _r._ := observea at pH
about 5. For the hydrolysis step experiments were performed
in the pH range 5-8, a maximum was obtained at a pH of about
7 At each of these pH values a masimum signal of 0 50
A/umol was obtained.

Both the hydrazone and hydrolys.is reactions can occur,
to some extent, at a pH between about 5 and 6 At this pH
the hydrolysis step gave a signal of C 10 to 0 20 A/umol
In this same range the hydrazore formation step gave a final
signal of 0 30 to 0 50 A/umol This 1s probably due to tne
effect that a small equilibrium corstant has on the
reaction During the probe attachment the NPH concentraticno
1s high so the hyarazore formation reaction 1s favored The
concentration of NPH 1pn the hycrolys.is buffer is
comparatively low so the reaction proceeds 1n the reverse
direction

The optimum 10nic strength was found to be near 1 0 M
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ﬂfor both steps i1n the reaction (Figure 8) For both cases,
a maximum signal of 0 5 P/pmol was obtailned

In general, Schiff-base formation, which 1s similar to
hydrazone formation, and hydrolysis of Schiff-bases are both
relatively fast reactions (74) This can cause the rate of
reaction with CPG immobilized aldehyde to be greatly
affected by diffusion processes Time of reaction and
temperature, both, have a large influence on a
diffusion-controlled process. For the hydrazcne formation
the time was varied 1n 15-min 1ntervals between 15 and 75
min (Figure 9) The maximum signal was ok a_ -. after 30

min, at which a maximum signal of 0 50 A/pmol was obtained

Instead of reaching a plateau at longer times, the

hydrolysis reaction had a maximum of 0 €0 2/ —~ =2+ g0 mar
(Figure 9) At times less than 80 min not all the NPH had
been liberated from the aldehyde A decrease 1r absorbance
was observed at times greater than 80 min Th_s benavior 1is
aue to the destruction (hydrolysis), with t.me, of the NPH
1n solution As eviderce of this, a plot of apsorbance

versus taime for NPH 1in buffer (pH 7 0) decreases with time

(Figure 10)

In order tc optimize the temperature for attachmeprt of
~he probe the temperature was var.ed between 15 and 70
°c The hydrazone formation had a maximum value at 25
©C, which corresponds to a maximum signal of 0 50 A/pmol
(Figure 11) At both higher and lower temperatures the

signal was observea to decrease This car be explained as
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the result of two competing processes At temperatures less
than 25 °C the signal 1ncreases with temperature because
such 1ncrease improves the ability of NPH to diffuse into
the pores of the glass When the temperature exceeds 25

©C the effect of the decreasing equilibrium constant for

the hydrazone formation becomes predominant, so the the
reverse reaction (hydrolysis) 1s favored. This 1s supported
by a plot of signal versus temperature for the hydrolysais
step in the determination Between 5 and 70 OC, the
intensity of the signal continuously 1increased with
temperature (Figure 22) Operational reguirements set the

max.mum temperature at 70 oC, which corresponds to a

signal of 2 2 A/umol

Procedure for Determining Blank Readings

3-Aminopropyl CPG, with no aldehyde, was used to obtain a
blank reading by using the same experimental cond.tions
given This was done to aetermine the limit of detection
Ten blank runs were averaged and the amount of aldehyde that
represented the average blank plus three stanaard deviations
was taken as the limit of detection (C 30 umol/qg) Blanks
were run, as well, to demcnstrate that the probe was not
just interacting with any other species, but was truly

interactira with aldehyde groups

Application of Procedure to Aldehvyde Groups Immobilized

on Controlled-Pore Glass Because of tne reed to

immobilize protein following a determiration,
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TABLE XII

RESULTS OF SEVERAL DETERMINATIONS MADE ON A SINGLE
PORTION OF A CONTROLLED-PORE GLASS SAMPLE

Determination Number Amount of Aldehyde, umol/g
1 2 58
2 2 47
3 2 86
4 2 61
Mean 2 63
Standard

Deviation 0 14
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reproducibility 1s of great importance Table XII shows the

results of a series of determinations made on a single

sample of CPG These results demonstrate an important

point The immobilized aldehyde groups are not

significantly destroyed 1n the course of the determination.
Implementation of this method on CPG gave the following

equation for the calibration plot

W =1 917A - 0.458 (5)

where W 1s the amount of immobilized aldehyde per gram of
CPG (umol/g) and A 1s the absorbance of the solution per

gram of CPG.

Procedure for Determinations 1n Open Tubular Reactors.

A continuous-flow/stopped-flow method was employed for
experiments with OTRs. Determinations were made by using
the same optimized operational parameters found with CPG.
The NPF buffer solution was pumped i1nto the co.l and then
the flow was stopped At the end of the 30-min reaction
time the solution was quickly pumped out of the OTR with the
hydrolysis puffer at a rate of about 5 ml/min Once all the
NPH haa been pumped out of the coil, tre flow was reauced to
0 190 ml/min and the OTR was placed in the 70 ©c

temperature path During the reactior per.od a flow cell
was used immediately dowrstream from the OTR so that tne
absorbance at 400 nm could be monitored with time. The area

under the absorbance versus time plot was

computer-integrated using a trapezoidal approach
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The use of OTRs 1instead of CPG did not produce
reproducible results. Single determinations gave values for
the amount of glutaraldehyde 1mmobilized ranging between
0.040 and 0 060 umole (Table XIII) However, the next
determination on the same OTR produced aldehyde amounts 1in
the range 0 010 to 0 020 umol This behavior indicated that
the aldehyde was being lost i1n the course of the reaction

It 1s believed that the cause of the aldehyde loss 1is
due to the reversal of the first reaction shown i1n Figure
13, 1e , detachment of the glutaraldehyde from the OTR.

Wre- -  a buffer of pH 7 0 was pumped through the OTR at
70 oC, spot tests (42) performed on the effluent

indicated the presence of aldehyde groups Also,
giutaic.iehyde can pe reimmobilized to an amount in the same
range as was determined by the first run for a given OTR.
This kehavior 1s observed only at high temperatures At
lower temperatures there 1s no hydrolysys, this explains
previcuas observations that when enzymes are .mmobilized
there 1s little or no loss 1n enzymatic activity with time

In an attempt to explain this behavior the sare
procedure used for aldehyde CPG was employed on borositiicate
glass beads as well as on CPG that had been treated with

NH4HF2 thls 1S a treatment sim.lar to tha*t used to

produce whisker growth A surface effect that 1s present
wlth borosilicate glass put absert with CPG 1s the most
likely cause of the 1mine hydrolys:s It should be

indicated here that CPG 1s produced from borosilicate glass



TABLE XIII

RESULTS OF SEVERAL DETERMINATIONS ON OPEN TUBULAR
REACTORS USING THE SAME CONDITIONS
AS WITH BATCH SAMPLES

OTR Number Amount of Aldehyde, pmol
Run 1 Run 2

1 0 062 0 018

2 0 059 0 023

3 0 046 7013
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heated to cause phase separation of the borates and
si1licates. The borate groups are subsequently leached from
the material, leaving a porous silica structure. No phase
separation or borate leaching 1s expected to take place 1in
whisker growth procedures. Glass beads also showed the same
decrease upon successive determ_rations of aldehyde. CPG
treated with ammonium hydrogen fluoride showed a decrease 1in
signal of about 50 % after four determination (Table XIV).
Although there 1s some reduction of aldehyde even with CPG,
there 1s much more aldehyde left after a single run than

with borosilicate glass

Attempt to Prevent Glutaraldehyde Hydrolysis. When

glutaraldehyde 1s immobilized or glass OTRs there 1s a
hydrolysis of the i1mine under condtions necessary to
hydrolyze the hydrazone It was believed that the
equilibrium constant was relatively low so that the
glutaraldenyde hydrolysis could be prevented or at least
suppressed by introducing 1 0 ml of 25 % (w/w)
glutaraldehyde solution i1nto 500 ml of the hydrolysis buffer
(pH 7 0) It was believed that this action would force the
aldehyde groups to remain immobilized However, these

exper.ments showed no cnange 1n behavior

Atrtempts to Produce More Stable Immobilized Alaehyde

Groups As alreaay stated, the loss of aldehyde that was

shown on OTRs was believed to be due to cleavage of the

amine glutaralcehyde bond An attempt was made to reduce
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TABLE XIV

RESULTS OF SEVERAL DETERMINATIONS ON A SINGLE SAMPLE
OF CPG TREATED WITHF AMMONIUM BIFLUORIDE USING
OPTIMUM EXPERIMENTAL CONDITIONS

Run Amount of Aldehyde, pmol
1 5 84
2 4,34
3 3 59

4 2 73
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the carbon-nitrogen double bond to a single bond that could

not be hydrolyzed. Sodium cyanoborohydride i1s a highly

selective reducing agent capable of reducing carbon nitroger

double bonds but leaving carbonyl groups unaffected (75)

Reduction of the bond was attempted by dissolving 0 5 g

NaBH,CN 1n pH 5 0 buffer, and pumping this solution 1nto

a glutaraldehyde-treated OTR for 1 h. Determinations made
after the use of this reagent showed that the imine was not
reduced because the amount of aldehyde still decreased with
each run.

It has been shown that commercial
(aminophenyl)triethoxysilane contains 70 % meta ard para
1somers of the compound (76) On the reasoning that the
rig.dity of the silane would keep the 1mine group awa; ...-
the silica surface, (aminophenyl)triethoxysilane was
immobilized instead of (3-aminopropyl)triethoxysilane
However the presence of the aromatic ring facilitated
hydrolysis, such that the first determination showed 0 038
Pmol but the second showed no aldehyde at all

Firnally, a different method was used in an attempt to
produce an i1mmobilized aldehyde group with an aliphatac
chain This method was attempted by immobilizing the
alcohol {3-[pbis(2-hydroxyethyl)amino]propylltriethoxysilane
in an OTR by the same procedure outlinea for the
immobilization of the other two silanes. This silane was
used because 1t was the most suitable alcoholic silane

available. An oxiaizing solution was made by dissolving 5 g
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of NaZCr207 in 10 ml of water and adding 5 g of

concentrated H2804 and jJust enough water to dissolve

any remaining precipitate. The solution was pumped 1nto the
OTR and allowed to react for 1 h. The OTR was then washed
with water and acetone. Experiments performed showed that
aldehyde groups had not been generated bv this procedure, or

at least had not survived 1t (p-nitrophenylhydrazine did not

interact with the OTR).
New Type of Open Tubular Reactor

The method just discussed was successful only when used
with CPG. Borosilicate glass shows a drastic loss of
aldehyde with successive determinations making the
cetermination useless for reactors to be used 1in
continuous-flow systems Traditionally, continuous-flow
reactors are often made of borosilicate glass. Both OTRs
and single-bead string reactors (SBSR} have been used.
Single-bead string reactors differ from OTRs in that small
glass beads, with a diameter 65-70% of the i1nside diameter
of the reactor have been placed inside the reactor This
reactor 1s treated with ammonium hydrogen fluoride as well
The 1ntroduction of beads has twc effects {al there 1s a
slight i1ncrease in surface area due to the added glass
material, {b) there 1s a decrease .n sample/products
dispersion Iaceally, an aldehyde determiration should be
nondestructive 1n both of these types c¢f reactors

However, 1t was felt that 1f CPG could be incorporated
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into a reactor 1t would be possible to determine aldehyde
groups on the support without losing aldehyde groups 1in the
reactor Initially, attention was focused on the
possibility of embedding CPG 1nside a glass OTR. This
thought was soon abandoned because of technical difficulties
associated with 1t However, plastic tubing should have
more favorable characteristics (such as lower melting points
and easier serviceability) that would permit embedding the

particles on the inside of these tubing

Construction of Teflon Oper T.bular Reactor

A 0.5 m length of Teficrn tubing (0 8 mm 1.d., Cole
Parmer, Chicago, IL) was heated at one end with a flame so
that the end could be clecse” _+th the pressure from a pair
of pliers. Controlled-pore gliass was poured through a small
funnel i1nto the tube. Once the tube was filled, the open
end was sealed in a similar manner The tubé was then
wrapped around a short piece of glass rod and held in place
with a length of wire such trnzt a coi1l was produced The
tube was heated 1n a muffle furnace at 350 °C for 10
min This temperature was chosen because at higher
temperatures the Teflon deccmposes ana becomes very brittle.
Figure 12 shows an scanning electron microscope photograph
of tne 1ins.de surface after heating at 325 °c. At lower
temperatures the Teflon does not become sufficiently soft tc

allow the CPG to be embedded i1nto the Tefion surface.

Figure 13 shows a similar scanning electron microscope



Figure

12

Scanning Electron Micgograph of CPG Embedded
Teflon Reactor, 325°C, 107.8X
Magnification
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Figure 13.

Scanning Electron Micgogr
Teflon Reactor, 350°C,

aph of CPG Embedded
67.9X Magnification
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photograph of a reactor heated at 350 e This small
change 1n temperature causes sufficient softening of the
Teflon to allow CPG to become embedded 1in the surface The
final step consisted of removing the glass particles that
were not embedded on the inside surface of the tube This
was performed by aspirating at one end of the tube and
shaking loose the glass particles with an electronic

engraving tool.

Procedures for Immmobilization and Determinations

Glutaraldehyde was immobilized using the same procedure
used for borosilicate glass OTRs. Determinations made using
the new type of OTR used the same conditions as those with

boros.1l_cate OTRs.

Results and Discussion

Tygon tubing has been used to construct reactors by a
similar method (78) Teflon and Tygon were used as CPG
supports for several reasons First, both are commonly used
in flow-injection analysis systems Second, they both are
inert to chemicals used 1n enzymatic determ.nations. Third,
they both have softening points attainable with simple
laboratory equipment Also these softening points are not
true melting points The polymer softens at these
temperatures but does not lose 1ts 1ntegrity as a tubular

shape

The results of three successive determinations on the



TABLE XV

RESULTS OF SEVERAL ALDEHYDE DETERMINATIONS
ON CPG-EMBEDDED PLASTIC REACTORS
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TEFLON
Run Amount of Alaehyde, pmol
1 0 198
2 0 243
3 0 237
T&GL_ﬂ_
Run Amount of Aldehyde, pmol
1 0 0403
2 0 0814

3 0 0764
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Tygon and Teflon reactors are shown 1n Table XVII The
increase 1n signal with Tygon 1s due to an interaction of
NPH with the tubing 1tself the probe 1s adsorbed onto the
surface of the Tygon. So the result given 1s a difference
between a single blank determination and the absorbance
found on the reactor Each time a new run 1s made more NPH
1s adsorbed on the surface of the Tygon, so the signal tends
to 1ncrease The first result 1s believed to be the most
reliable because 1t was made after a single blank
determination had been made The results show that there 1s
no lecss 2~ the amount of aldehyde immobilized on the CPG as
there 1s ¢~ porosilicate OTRs

Teflon, having better chemical resistance, 1s a better
CPG supbpc for this gdetermination because 1t does not
adsorb the chromophoric probe There 1s also the benefit of
an i1ncrease 1n surface area by the use of CPG as a support
as opposed to the ammonium hydrogen fluoride-treated glass
Controllea-pore glass ir Teflon produces an average of 0 45
umoie pe: meter of tube .ength and with Tygon 0 43 pmole per
meter 1s produced. Ammonium hydrogen fluoride treated
borosilicate glass tub.ng produced an average of 0 021 pumol
per meter

Equally importart 1s that these reactors offer a
simpler, eas:ier and less time consuming preparation
Borosilicate OTRs, under the best of conditions, car require
2-3 days for preparation of a single reactor as opposed the

1 h for plastic-CPG OTRs Also, these new reactors require



no corrosive chemicals (such as hydrogen fluoride) or
extreme conditions 1n their construction, wheireas

borosilicate OTRs do
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CHAPTER IV

DETERMINATION OF IMMOBILIZED PROTEIN

(ENZYMES) ON OPEN TUBULAR REACTORS

Introduction

Need for the Determination of

Immobilized Enzymatic

Protein

The use of i1mmobilized enzymes 1n flow 1njection
analysis has prompted this work for two reasons. First, it
1s highly desirable to be able to quantitate the amount of
protein material due to enzyme immobilization. One would
like to be able to maximize the amount of i1mmobilized
protein 1n a given reactor If the amount of active enzyme
1s krown 1t 1s then possible to alter the co-zc.tions of
immobilization 1n an attempt to maximize the actual amount
of enzyme Increasing the amount of active enzyme per unit
length of reactor permits the use of shorter reactors. The
use of shorter reactors, in turn, leaas to a decrease 1n
dispers.on (which produces band broadenirg) as well as an
increase 1in the sample throughput of tnhe systen.

Second, this work was undertaken to measure, not the
amount of active enzyme directly, but to determine the total

amount of protein that has been i1mmob.lized This should
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lead to an understanding of some of the aspects of
immobilized enzymes A comparison 1s made between the
amount of protein determined and the activity of a given

reactor

Methods for Determining Free Protein

A short review (79) 1s available which discusses some
of the more common methods of determining nonimmobilized
protein Most proteins have an absorption maximum at 280
nm, attributed to amino acid subunits that have aromatic
groups. From the absorbance the amourt of protein 1in
solution 1s determined. The biuret reaction utilizes the
binding of Cu(II) 1in basic solution to nitrogen atoms 1n the
amino acid subunits The complex produced has anr absorpticn
maximum between 540-560 nm. Infrared spectroscopy has also
been applied Turbidimetry has been used by measuring the
light scattering produced from suspensions of small proteain
particles There are three main possibilities for utilizing
fluorescence 1n protein determinations (1) the coupling of
the proteins to fluorescent compounds, (2) the gquenching of
fluorescence by the addition of protein, (3) there 1s alsc
the possibility of using the 1nherent fluorescence of
proteins for gquanrtitation The amount of protein can also
be determined py the measurement of the refractive index of
a protein solution

None of these methods could be used or adapted for the

determination of immobilized enzyme The physical methods,
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for instance, require the presence of the protein in the
measurement step Since the protein 1s i1mmobilized this
would require the presence of the reactor in the sample
compartment of the instrument, which 1s difficult unless the
reactor 1s destroyed.

The biuret reaction utilizes a 10 % solution of scdium
hydroxide This corresponds to a very high pH and may
result 1in 1nactivation of the enzyme For the same reasons
listed for the aldehyde determination destruction of the
reactor or inactivation of the enzyme are not acceptable.

However, the revic "' disucsses one property of
proteins that was explo.tec for this work. Proteins have
the ability to reversibly bind with dye molecules. Under
the proper conditiors @ < - <z~ be boun2d to a protein, then

released by altering conditions and, finally, determined.

Methods for Determing Immobilized

Protein

Several methods have been previously reported for the
determiration of immobilized protein The simplest method
involves measurement of the cifference between added proteiun
and protein recoverea after immobiiization (80) However,
the amount of protein immobilized in relation to the amoant
added 1s small so there 1s a large degree of error involvea
This 1s especially relevant in the case of enzyme reactors,
where very little enzyme 1s 1mmobilized The following

three methoas have better sensitivity but they are sample
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destuctive (a) amino acids can be determined after acid
hydrolysis (81), (b) the nitrogen or sulfur content can be
determired after pyrolysis (82), or (c) amino acids have
been determined with ninhydrin after pronase digestion (83).
Each of these methods 1s unsuitable for our purposes because

either they lack sensitivity or they are sample destructive.

Reported Method for the Determination

of Immobilized Protein

Recently, a method was reported which utilized the
binding of Coomassie Blue G-250 to protein (84) Bovine

serum alpumin, ovalbumin, urease, and cytochrome c were

immobilized on cellulose and hemoglobin was i1mmobilized on
glass beads. The dye reagent was composed of 100 mg (0.10 %
w/v) of dye dissolved 1in 100 ml of an aqueous solution
containing 10 % (v/v) glacial acetic acid and 25 % (v/v)
isopropyl alcobol The mixture 1s shaken for 30 min, then
the excess dye 1s washed out from the support with water

The dye 1s then removed from the protein with 0 10 M NaOH 1ir
20 % water and 80 % methanol (v/V) The solution 1s
neutralized with HCl and the aksorbance measured at 605 nm
This 1s the methoa that was adopted 1in a modified form for

the determination of protein immobilized on OTRs
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Experimental Methods

Aggaratus

Most of the instruments used for this work have been
described 1in the apparatus section of Chapter III.

The experimental setup used for activity determinations
on OTRs 1s shown 1n Figure 14 A peraistaltic pump was used
to pump the buffer solution. A rotary valve was used for
introduction of the substrate (penicillin) into the buffer
flow. After intercalation, the solut_on flowed through a
Plexiglas flow cell The geomet: ¢ .2 flow cell and 1its
use with a flat surface-combination pH electrode (Sensorex
Model 450C, Stanton, CA) has been described (51) The
electrode was connected to a Raaiometer PhM 84 Research pH
meter (Copenhagen, Denmark). The output from the pH meter
was monitored with a Houston Instrument chart recorder

(Houston, TX)

Reagents, Solutions, and Materials

Pericillin, bovine serum albumin (BSA) and

penicillinase (EC 3 5.2 6) from Bacillus cereus were

cbtained from Sigma Chemical Co. (St Louis, MO) Brilliant
Blue G (BBG}), (C I 42655) and sodium Codecyl sulfate (SDS)
were obtained from Aldrich Chemical Co (Milwaukee, WI)
Glacial acetic acid was obtained from Octagon Process, Inc.
(Edgewater, NJ) Hydrochloric acid, methanol, sodium

hydroxide and sodium acetate were obtained from Fisher
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Scientific (Fair Lawn, NJ) Isopropyl alcohol was obtained
from Wood Scientific, Inc. (Houston, TX) Filter paper was
obtained from Whatman (Whatman no 1, England). All other
reagents and solutions used have been described in Chapter

III

Procedure for Construction and Surface

Preparation of Reactors

Borosilicate glass CTRs were used for this work Their
construction and treatment for immobilization have been

discussed in Crz—>- III

Immobilization Procedures

The immopili~=-21on of (T-z2rinopropyl)triethoxysilane
and glutaraldehyde to the reactor has been discussed 1in
Chapter III. Penicillinase was 1mmobilizea by adding about
5 mg of penicillinase to about 3 ml of pH 7 0 phosphate
buffer. This solution was pumped through the reactor, which

was 1mmediately refrigerated and storecd overnight

Results and Discussion

Choice of Reactor

Ir making the choice of the reactor used for the
prctein determination the disadvantage of using boros.licate
OTkRs for the aldehyde determination was an advantage for
protein determinat.ions The glutaraldehyce-silane 1imine

bond 1s broken Ly Fydrolysis at high terperatures in pH 7 0
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buffer This behavior made reimmobilizing active enzyme
easier Normally, the reactor would have to be heated at
450 °C for at least 4 h to remove organic material

Then 1t would be filled with HC1l and the ends sealed and the
reactor heated at 80 °C for 2 h Finally, the silane,
glutaraldelbyde, and the enzyme could be i1mmobilized

However, filling the borosilicate OTR with pH 7 0 buffer and
heating at 80 ©°c for 2 h leaves the aminopropyl groups
intact so that immobilization of glutaraldehyde and enzyme
can be performed i1mmediately.

Controlled-pore glass embedded in Teflon and Tygon
reactors could not be used this way because CPG does not
exhibit the same behavior A new reactor would have to be
constructea each time the enzyme was to be immobilized.
Tygon-CPG reactors suffer from an additional problem the
dye tends to be adsorbed by the polymer, and this causes
high blank readings.

Some of the experiments performed indicated that
although borosilicate OTRs have much lower surface areas
than CPG-embedded Teflon and Tygon reactors there was enough
surface area for acceptable measurements Typical
absorpances obtained with borosilicate OTRs were 1ip the
range 0.2 to 2 A (which 1s within the Beer's law limits of
6 C to 2 5 A of the Perkin~Elmer 3840 spectrophotometer)

Howelver, at the conclusion of the exper.ments performed
on OTRs a series of batch experiments were performed using

CPG as ar enzyme support This was aone to see 1f CPG
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exhibits the same behavior as borosilicate glass In thas
manner 1t could be determined 1f a Teflon-CPG reactor could

be used 1n the determination in place of a borosilicate OTR

Procedure for Measuring Activity of the

Immobilized Enzyme 1n the Reactor

The experimental procedure used for the determination
of penicillin has been reported (51) For this work, the
method was slightly changed, i1nstead of determining
penicillin, a known amount of penicillin was used to
Jetermine the immobilized enzyme activity 21 0 mM
penicillin sample (73 pl) in a pH 6.5, 1.0 mM phosphate
buffer was 1intercalated into the same buffer flowing at 2.89
- C 05 m«/m.r. For all relative activity measurements the
peak height was measured in millivolts. This voltage was
used as a relative measure of the activity of the enzyme 1in
the reactor In this marner 1t was possible to determine 1f
any experiments had affected the activity of the immopilized

enzyme

Effect of Solvent Conditions on

Enzymatic Activity

Crganic Solvents In the method reported for the

determination of immobilized protein (84) two organic
solvents were used Experiments were performea to determire
the effect of these solvents on the activity of the enzyme

The unmodified dye solvent, as already mentioned consisted
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of 25 % 1sopropyl alcohol, 10 % acetic acid, and 65 % water
A solution of only 25 % 1sopropyl alcohol 1n water, when
left 1n contact with the OTR for 30 min, reduced the
enzymatic activity by 50 %.

A 20 80 (v/v) solution of water and methanol, which 1is
the organic solvent used for releasing the dye from the
protein, had a similar effect The activity after 30 min

contact with the reactor was reduced by 74 %

Sodium Dodecyl Sulfate Sodium dodecyl sulfate has

been used to release dyes that are bourd to protein (85).

It was felt that a surfactant might re 2 better dye-remov.ng
agent than the NaOH solution. However, a 2 % solution of
SDS in water, when left i1n contact with the OTR for 30 min

reduced the activity by 100 %

Acetic Acid and pH A 10 % solution of acetic acid,

when left 1n the reactor for 30 min, reduced the activity by
53 % Much of an enzymes conformation 1s due to hydrogen
bonding It was felt that the cause cf aeactivation of the
enzyme was a disruption of the hydrogen bonding It was
also felt that returning the enzyme to an environment which
favors pydrogen bond formation might returr the enzyme to
1ts original conformation and restore 1ts activity

However, filling tne reactor with pH 7 0 buffer and
refrigerating overnignt showed no increase .n activ.ty

The immobilized-enzyme OTRs were normally stored ir a

pH 7 0 buffer without any apparent effect on the erzymatic
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activity A series of experiments to determine retention of
activity was performed between the measured pH of 2.8
obtained from 10 % acetic acid and a pH of 5.0 using a 0 010
M or 0 0010 M phosphate buffer Table XVI shows the
activity retained after 30 min of contact with the different
buffers At a pH less than 5 0 there 1s a substantial loss
1n activity. However, at a pH of 5.0 there 1s no loss 1in
activity The buffer concentration has no effect on the

amount of activity retained.

Bovine Serum Albumin It was believed that 1f a

relatively large amount of BSA was dissolved in a pH 5 0
buffer 1t could be used as a dye removing agent by
displacing the dye from the immobilized protein.
Experiments showed that there was no effect on activity of

solutions of between 50 and 250 mg of BSA i1in 5 ml of buffer

Brilliant Blue G A 0 10 % solution of BBG 1n

phosphate buffer (pH 5 0) had no effect on the enzymatic
activity This was done to determire 1f the dye 1tself had

any effect on the activity

Determination of Chemical Agents

Respons.ble for Dye Adsorption

A number of experiments were performed i1in order to
determine exactly what chemical species were respons.ble for
BBG binding to the protein This was performed so that .f a

part.cular species was not necessary for dye binding and
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TABLE XVI

ACTIVITY RETENTION AFTER 30 MIN CONTACT
WITH VARIOUS BUFFERS

pH Relative Activity Retained
0.010 M Buffer 0.0010 M Buffer

2 8 46% -

4.0 43% 35%

50 115% -
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contributed to the 1inactavation of the enzyme, 1t could be

eliminated

Water A aye solution was prepared using 0.10 % BBG
dissolved 1n water only This solution was pumped 1into the
reactor and allowed to remain for 30 min. After this time,
1t was clear that some other reagent was responsible for the
dye-protein binding because no noticeable amount of dye had
been absorbed onto the protein

Isopropyl Alcohol. A similar dye solution was

~

prepared, but, instead of only water, a 25 % solution of

1sopropyl alcohol 1n water was used. The OTR was treated 1in
the same manner as before. As before, there was no binding

of the dye to the protein

Acetic Acid and Acetate A similar experiment was

performed using 10 &% acetic acid as the dye solvent In
this case, the dye dia b.na to the protein In order to
determrine whether the acid or the acetate was responsible
for tnis behavior a 0 10 M, pH 7 0 acetate buffer was used
as the dye solvent In this case no dye was bound by the
proteir The hydrogen 1on concentrat.on, then, regulates

the binding of dye to the proteu.n

Hydrogen Ion Concentration A nurper of experiments

were performed by varying the pH of a 0 010 M phosphate
buffer ana usirg the buffer as a dye solvent. The

aye-buffer sclution was pumped into the OTR and after 30 min
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the unmodified dye-removal solvent (0.10 M NaOH in 80 %
methanol and 20 % water) was used to remove the bound dye.
After the hydroxide was neutralized the absorbance was
measured. Table XVII shows the results of these
experaiments. There 1s a steady decrease 1n the resulting
absorbance with increasing pH. However, at a pH of 5.0
there 1s still a very good absorbance. Also, as stated
earlier, at this pH the activity of the enzyme 1s not
affected so the dye could be bound to the protein at thas
pH.

2< stated earlier, BSA has no effect on the activity of
the enzyme. When BSA 1s dissolved 1in a pH 5.0, 0.010 M
phosphate buffer all the dye bound to the immobilized
prcte. Ltecomes bound to BSA. Since there 1s no effect on
enzyme activity by either pH 5.0 buffer or BSA and these
conditions are capable of binding and removing the dye from
the immobilized protein, these conditions were used as

modified solvents

Procedure for Determination of Proteain

Unmodified Solvent Composition Initially, conditions

were used with few modifications from those originally
proposed (84). For the sake of clarity, these conditions
have been referred to as "unmodified". The dye solution was
composed of 100 mg Brilliant Blue G dissolved in 100 ml of
10 % (v/v) acetic acia and 25 % (v/v) 1sopropyl alcohol 1in

water. This solution was pumped into the reactor and
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TABLE XVII

RESULTS OF 30 MIN OF DYE CONTACT IN VARIOUS BUFFERS

pPH Absorbance
2.8 1.3467
3.0 1.1279
3.5 0.5595
4.0 Q0 435.
4.5 0 3728

5.0 0.2944
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allowed to interact for 30 min. The same solution but
without the dye was pumped through to wash the excess dye
from the reactor. Distilled water was pumped through to
remove the solvent. Finally, about 5 ml of 0.10 M NaOH
solution 1n 80 % (v/v) methanol and 20 % water was pumped
through the coil and into a 10-ml volumetric flask. About
0 5 ml of 4 M HC1 was added to neutralize the hydroxide and
the solution was diluted to 10 ml. The absorbance was
measured at 610 nm. Relative activity was often determined
before and after the protein determination.

After this method had been used a few times 1t was
clear that an alternative was needed because the enzyme was
being 1nactivated by the solvents. The results of the
experiments described in the previous sections led to

changes 1n the solvent composition.

Modified Solvent Composition. A series of protein

determinations were made using pH 5.0 (0.010 M phosphate)
puffer as a dye solvent containing 0 10 % BBG. The dye
removal solution consisted of 100 mg BSA dissolved in 5.0 ml
of pH 5 0, 0.010 M phosphate buffer The activity was
measured before and after determination. After the
determination of protein the reactor was filled with pH 7.0
buffer ana refrigerated overn.ght Then the activity was
determined again. This process was repeated several times,

the results are shown in Table XVII.
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Determination of Dye-Proteain

Stoichiometry

Procedure A method has beeen reported for the
determination of freelproteln using the dye Coomassie
Brilliant Blue R-250 (85). The method 1nvolves spotting 5
pl of protein solution on filter paper. After dryaing, the
paper 1s treated with a 0 10 % solution of the dye. The
paper 1is washed of the excess dye and again allowed to dry.
The spots are then cut out, placed 1n test tubes, and
treated with 3 ml of 1 0 ¢ SI° =clution in water. The
mixture 1s frequently shaken auring the 15 min interaction
period so the dye can be released from the protein. The
absorbance of the result.rg .c.ut.on 1s measured and the
amount of protein calculated from a calibration curve.

Fowever, 1f the amount of protein (of known molecular
weight) that 1s spotted on the filter paper 1s known then
the number of dye molecules thkaz b.nd to each enzyme
molecule can be determined This method was modified for
use on two different silica supports as well as filter paper
using Brilliant Blue G as the dye From 2 5 to 3 0 mg of
penic.llinase was used as the prote:in.

When filter paper was used for support, the method was
used without changes, except for one set of determinations
in which a pF 5 0 phosphate buffer was used as the dye
solvent instead of 10 % glacial acetic acad

When silica gel or CPG was usea as a support the method
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was slightly modified. Fifteen test tubes were prepared
with 10 0 mg of silica gel or CPG 1n each Five test tubes
were for blank readings (these blank readings were
subtracted from the known readings) and ten were for
spotting with protein A pH 5.0 phosphate buffer was used
as the dye solvent as well as 10 % acetic acaid When the pH
5 0 buffer was used only 1.0 ml of SDS was used to release
the dye because of the small amount of dye that was bound by

the protein, otherwise, 3 ml of SDS was used.

Results. The results of the stcicr_ometry
determinations (Table XVII1I) show some cc-tradictory
behavior There 1s much variation when the pH 1s changed
This 1s expected 1in view the results cf tr-e last section.
This variation 1n stoichiometry due to pH changes may be due
to the protonation of basic groups (amines 1in particular)
within the protein. As stated earlier, there 1s a pH
dependence on dye-binding ability, so the dye may require
protonated groups 1n the protein in orcder to interact with
i1t. However, at pH 5.0 there 1s also variation with
different supports Cellulose shows a very low dye/protein
stoichiometry while CPG 1s higher and silica gel 1s even
higher This may be due to differences in the ervironment
at the surface of the support Cellulose has an entirely
different surface chemistry (1 e cellulose has no surface
acidity where silica does) that may be responsible for thas
behavior

At pH 5 0 these results present a dilemma, the
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TABLE XVIII

RESULTS OF DYE/PROTEIN STOICHIOMETRY DETERMINATIONS USING
TWO DIFFERENT SOLVENT CONDITIONS AND THREE
DIFFERENT SILICA SUPPORTS

Dye Solvent Dye/Protein Stoichiometry
Filter Paper Silica Gel CPG
pH 5 0 Buffer 0 249 6 36 2 99

10 % Acetic Acaid 24 4 - 21 4
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borosilicate surface of the OTR 1s expectea to behave more
like the CPG and silica gel than cellulose. However, there
1s too much variation between CPG and silica gel to make a
decision as to what the dye/protein stoichiometry actually
1s on the OTR. Because of this behavior, all experimental
results obtained with the modified solvents are expressed as
the absorbance measured and not calculated into amounts of
protein immobilized.

However, using the unmodified solvents produces much
more agreement between determinations using CPG and
cellulose as suv7""_ .~ The dye/protein stoichiometry found
using the unmodified solvents was found to be 21.4. This 1is
much closer to 24.4 found with cellulose. Although the
actual dye/protc.. o...lniometry i.nvolved on borosilicate
OTRs may be slightly different, 21.4 was used 1n calculation
of amounts of protein

Even 1f the true value 1s somewhat different there
sti1ll